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.a simpler, less computer-time-intensive model and associated software that can be
readily used to study the effects of parameter changes on system performance.
Steps were taken toward that objective, as follows:

11 The software was thoroughly checked and redesigned for greater efficiency
wher that step was warranted.

.Z) The model for the cable-generated fields was simplified.

-3) While many of the features of the plane-wave spectral representation of
fleids .:ere retained, that approach was compromised by approximating the cable-
generated fields, within the scatterer volume, as those of a single plane wave
propagating in the direction of power flow of the true cable generated fields.-__

The result of these modifications is a new computer program with much-reduced
running time which produces numerical results that are much more consistent and
interpretable than those produced in the previous project.
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:1.1

1. Introduction

The work described in this report is a continuation of research done

on RAr'Y Potloctoral C-ontract F30602-738-C-Olf2, completed on 4overrber 1, 1081.

Thp 7inal Reiort on that contract, entitled "Analvsis of the Polarization

)"ppndencp of the Interaction getween Human Frame Targets and Radio Frequency

Sensor ies* is designated as Reference I in the present report.

"r~ previous project, referred to above, involved nalysis of a particular

ty.pe of Pr~ intrusion sensor systemr. The system consistc of a ported coaxial

cable laid circularly on the ground surface and a verti'-sl receiving antenna

it 3r near t'ep center of tle circle tuned to the frequecy of the wave propa-

, atinq ir the cable. (See riqiirp 1.1). An intruder st-'ppinQ or crawling

irross The c-,> in order to enter the circle scatters, -ome of the electro-

na"znptic ener,,y i-pinging on him, or her from the cable :nto the direction

2 -6 5
of the intenna, changing the signal receivel by the antenna and thereby ietectin.

the presvnce of the intruder.

Althou-,h the concept of this levice, is very simple, the electromagnetic

tho-orv nroblems encountered in attempting to model its operation analytically

ire extremely com~plicated. In the original project, as renorted in Peference

1. the scheme upon which the analysis was based was the plane-wave snectrum

represe-tat ion of an elactromagnet ic wav2. The electric n; 'nasnet ic fields fror the ra l f

~ere cilrulato' based on na Pial vs is of the propaegat ion al nn the cable and the use of the
66

"S t r1 t ton -C'huj" (or "Virchoff Huylhoens') integral formul.. :hich !ives the .-

fiold comnonents in space base" on a knowledge of the fields at the cable

' ts. 7his was done -is if the cable w~ere in free space. Then the plane-

:n- scctral representations of each of the field comp.-nentF was cnlcitlated.

>vn n ye" was then taken throigzh the ,rounil-reflection process. -

6 %* *64
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rigure 1.1

Intrusion Sensor Cvstem C7onfiguration

Iy

tnterna COttrCO of noh vcr

--he, lon (diroct :'dun,--rr.',jnO.-reflecte,4) spectral field in the absence of %

1intruder wr- cculated. The intruder was godelledi as an t'tectromagnetic

scatterer. The t, tal spectral field at 'he intruder's location was conssideredI

as the field of a plane wave incilent on the scatterer, which was "odellel

is a unifnrm spheroil with constitutive raranieters chosen from~ a croposite

-f those of the v rious Constituents of the hunan holly. % prooirA- orjgir,111:

j.' S-s 5 ,52, 57.tI.62
level~pedi ly Pete, Parbqnr at the Univeisity of ITtih was used to performo t~hc

scinttrio analys s. This prograr was inserted into our so'tware a's -j sti )ro~riro.

* .6.



Th)e SCatterel wave fields propagatin7, -lirectly toward rhe arsenna and

thoqe reclected from the groun'l and then propagatin-g to-ird. th e antenna 4vre

The program developed for this problem computes the components of tie

p lane wave? so)ectrum of four contrihiitions to the electric field. They are:

(a) the field from the cable in the absence of the ground (i.e., in

infinite free space)

(b) the Irount!-reflected cable-generated field

(c) The field scattered by the intruding object directlv into the Antenna

(1I) the 3rouxnd-reflected scattered field in the direction of the

antenna

'ach of tie constituents (a), (b), Wc and (d) is a function of tho normalized

wave propagation vector .The final step in the computation was the inverse

5F-arier transformation of the spectral electric field components in order

to nrod'ice thne field components at the antenna site as a function of the

)osition of the antenna. The end result of the computitions 'u's: (I) a

;-of field4 components consisting of tOe superposition of contributions

(i)iand (1)), i.,?., the field conpon.-nta in the absence of the scatterer;

'2) t5h, sunerpnsition of contrihutioins (c) and (d), i.e., the field comoon-

'n'v hir to st"' icntterer; an-! (3) the ;uperpositior of contrihut ions ((

c' in-I (cl), i.e.. the cornononts of the total electric fiele seen at

th- anteina nt..

Th upse of the follow-on project was to proeiice an imnroveO anal ia

-o'lel irrian improved' computer projraor that w.ould he more useful in studrin

svstf-7 r-roanc-. Pi- problems wi~th the original analytical model and .-.

-r-Mr-~, .. L. Z



1.4

(1', The com.putations, involvino larpe nunters of summ'at ions of coplex

quantities arising from complirated theoretical calculations, were extremely

sensitive to small errors that are very difficult to detect. For eaanmle,

an erroneous sign in aldini two or more complex contrihutiors of con-

oir-hle ma,".itude can result in enormous errors (e.g., a 3unntiLy that

-~ul
, b" 7ero can appear as a large number or conversely, a large nurn'er

can apnenr to he nearly zero). On the cri,,inal project, there was in-

sufficient t .e to provide adequate checking of the software to ensure

that su-1- errors do not occur.

2) Thre were portions of the cornutations that required enorrous

amounts of running time. For example, the Barber scattering pro;r.-,

althoirg- it was considered to I~c an excellent vehicle for study. of scatterins?

from a human frame target, is very computer-time intensive. The plome- -.

wa\p srpctrum approach to the Problem, although it should be accurate

if carr ed out rigorously, requires that the Barber proaram ho run for

ech vilu', e: each of the two components of the wave propagation vector

m. Thl-; -'esns that, f we wnnt to perform the tv-o-lirensional inverse

7',urier 'ransformar i7! (to transform from i-space into positon space)

acc.,rael, rhe 'arher proqran -ust he run as manyv as 30 to IG' ties

for eic' .sitin of the scatterer. This is an absolutely Prc.ihitive

-,':'n 1t jro 1- rnnn .ng time if we want to study many variations of tne

Iarimeter . T render this computation feasible, the stationiry phase

approxi-ation ,.a% used for part of the inverse Fourier transform conpu- *. ..

tation, t5uj reiucino, the number of runs of the Rarher progra, for eac, .

sc..ttorer position to somewhat less than 50, perhans as few as 25.

The rinnin- time was still very ltih, but at least withir reason. !!owever,

a- so-i ,ra-otor re. ines, th, vnl iity of the station yrv pha! - etho%

-. :...-...
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i it lIsas' 7ir-i ~n and in -cole r -ises quect lonaob>. -liscopri s

-eicc'jroic- of tie coiptat,,ons.

To ~:iat~the ijfficultieq incoiintercd on tnc orsctpial pro oct,

e- r- -ir v iur' Io the attemopt to nut. the analysiis of this te

n I t -i In C tIc four(nati1on. 'e were very carefiJl 1ibout t!E I

5.7t12-invoone 1 nd tried to naethe model as reil ist ic as possiblo.

;Qr w-r' forced into t rr'f bet ween t he reaIi s-1 o f the 'nod el

1 to ;it it Is w' conn'te r t i-7e A 1lough thc2 eq u-it ions p roq, .re!

--r c' ie r ina on -iav "-lv" cont -iine! 3 qreat lei )f realism,

r i t o save ruinn in1 tr' (i e. q. i nsuf f ic ien t 7coi -is i i, a nurer ic i I

ntr- rrit:(n to eht in orv case, nrod tc e a resulIt I -s, aiccur ate Tlhin-

1 1 vtiv horni 'to irnedt wit
5 a 1 n s r igor)rou s hu t iccu ratrelIy c or.i- tai v

i-,taker on tie noworoec to irnprove thle analvsis inc, Coe'-,u-

~-~ot re 'iscus..er' in the present report . In Section 2, t-e calculation

tb", fi~l fron the cable slot as if thte cable wore in free spice are

1,sc ri I-1. In toe -irliier pro ject, these calculatiois were -ado for arbitrary

n7ic r'pa !V in-, 3lon-g the cable, i e. , T-,, 7, or TFt modes (Pef. 1, Anperdix

11 'ilo ttiat nod'e! was ver-" teneral and hence twould cover -nanv' possible .

h~eit .i- also -timhersone Pend require(; a lar-1e bnounr o[ sort-t cre. t

idj.e'! t_ ror'ml are the fielo s on the c-ble slot, using, a simnler nlodel

iqel r-i 3roDoi3t ion of a _7I -odeo ilon- the cable. -his yieldls a airialer,

"'re 'avilv interpretai:e sc' of I
0ornufas, reiluiros considerabile loss softi.iare,

in! i 'if ic nitlIe rrcaIi ot i , or t he nurposes of tb i ana~l vis. Ilso, it

cot! d a ilv he qenitr.l i.e(d if nerce-atrv anm
1 if !nti wer

5 
nvai lale to illow

13r!'r is,- r"t of parv-et1,r VL-11-t is or Ta.''tir 7' -oes. F

----



In S:ect ion 3, tbt -eniainilt! stenv ir, Caliilstion or the rcejv-! S!,1

'it the iltenai are described. In effect, Section 3 contains brier su'-3ries

oth-~ ectio)ns in Reference 1. Sectioni 3.1 hrieoflv ru,'pari?!es the covrro3!e

of thle Plane k.sys so.ectrail representation of fields tat was prosento ai

rest detail in cect ions 3 and 4 and %ppendice- T1 and ILI of' Fef. i. r

emnasis in cectien 3.1 is on the rajor results thait -were derivei! in Pefmrence

I. 5Do-e new~ investigations on the use of this sppronch 3re introduced in

o cr nn 3.1 and further 'etailed in App~endix TI.

Section 3.2 contains a brief sunsmar) of the key points on the Cr'oun~

reflected wave that were covered! i. fpreat detail in Section ', of 7'e:. 1.

o sicnificant changes in the analysis or the pro,-rans were iade on the -e

ient 7roie ct.

Rections 3.3, 3.4 and 3.1 contain brief stinmmaries of the Iateriol1 prerentee

in 'etail in Sectionis r,, 7 en! 8 resnectively of 'eff. 1. ihis -naterip] concirn-

the cceordv'ate t ransformat ions to allow the sunerposition nf direct an,! rul,'-

r-2.1 ccte I cable-t onerated fields to be roellled as the ficld! inc dent noi

tle scatterer (Section 3.3), the action of the scatterin' pro,-ra-l itsol:

('ection 1.4) and t' e transfornatirp of the scatt,,reI fields from scltterer-

ce~ntered coordinites to earth coori~inates t5ect ion 3.5). Section 3.f is;

isu,--.nri )f 'rour.,-reflect ions of thec scattorpe' fields, p~rerentLe in dr~t. I

ec i r of 'e.'. 1.

Section 1.7 is i sti-siarv of the -orocess of suminir all field contri iutns

-nd taking the inverse Fourier trnnsror-i in ordler to convert fro- thie plane-

:ive spectru- of the field: components to the nctual field connonents -is

functions or -7ace coord:inntes.

-ection 4 70ntz-ins a detailedi irialv-is of the new aporoach tilt was

finilic n:oat-,' '" the I trer *rj-,ct. inis p-prnarh has- r-"'lCed ~--ijo-~st

%*-.
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snertrui ipproaOk but ia r' tain", Most of its features.* It involves the

apnroximation of the fieldn ilc!'ent on the scatterer as those of a single

nl.-ne waPve 'not a spectrum of pline waves) whose direction of propa-,ation

that of the, Povntin, vQ('-)r (direction of power flow, it the center of

t~o sc':rer-r. Tiis approi :irrcjmvents the problem of pprformnin, the two-

-esio-1?-ver se Fou r ier t rans formalt ion and hence saves an enormou, S arnoint

,cf corcDuto r t ie, allo,-winq- many more paramneter regimes to h~e stue ied .io

a3 ~Von t ime. Ir view of the degree of apnroxitation required to implement

th', co-mittions for the plane-wave-wave spectrum approach (See Appendix

TT -,r detailed discussion of these problems) the new approach offers manv -

'i!%antaqe5 in addition to that of increased computational sneed. If the

rel~itionships arising in the plane-wave spectrum approach could be comnited

irccirately without a prohibitive expenditure of compiuter tine, that would

be i qinerior "ethodolois. Powever, the required compromises in conputational

3c-iracv ni,'lht neqate the advantaces of the theoretical -model itself. The

oe..ioroA UILVOlves an appriximation ant the initial formuilation stage which

is hvsicnll s;atisfvinq, i.e., the d~ea that the "incident plane wave" that

anprx:--ato-s the actual wave in the scatterer relion is a linearly Dolarized 2

tma-sver-e electron-iqnetic wave traveling, in the direction of the power flow

t-~ ih c!,al iolds Pranntin, grom the cable at the scaters cetr

Thie new anproach oroduces restilts that appear to he very reasonable

V.:Thiral:internretable. Since conuter tine is not so critical with

t~iis approach, it is possible to study many variations of parameters within t

i -~asonable expenditure of tine. All of this is discussed in detail in

."rtion 5 )" this reoert.

The nornalized wave nropaqition vector ~,which was used extensively in the

-'-i-al npnro)arh, is still retained in the new approach. It is used in nodellin" m.
if 7raltprin, -and -,round reflection. -All staqes ')f the analysis reported

:e -ct00n 3 remain -sacatiallv intact, with o~nl. minor modificntions rnouired.

% .
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2.1

2. Calculation of 7ields fro', Cable Slots ir 7rma Snacc

The nonroich used in the previous project (Ref. 1, Sections 3 and 4,

ind Appendlices ITl and IV) has been considerahile sirplified. In the revise,

1?flroach, thie rompionents of the field fromi the slots is cilcuilatcd dirertly

in tho spptitr2 do"av' rather than in 0tJ-e spectral doenain (Ref. 1. Appeneices

I I ir 1 
T

IT) czin thc previou; .ork. Avain, the Stratton-Ch' (or ::irchorf- -

':.r-,hon,) irntearal for-nli 'ar t'e electric field cornonents is used (-e'. 1,

'prenli T, 'e. (I-3a)) where apain rcontrihitions fro-, aperture edges arc

-- ',ct~d and vatu-ie current and char-e densities are assumed to he zero.

'aT
7
-' -!ode ic assu'red to be propa-atin, down tie coaxial line, whose cur'.atire

nal Icted, i.e., the pronigntion down the line is nssirz'ed a'privalernt to

t-iat alir- a straight coaxiil cahle (7ef. 1, Appendix UV, Parzes I%"-(' and

In this section, the field cof-lonecirs will hTe Formulotey) iaz if t.he cabl?

-.,r,? ir frec-srrace. From Cq. (T-3-a, 1b) in Appendix Tof 'lef. 1, iahave

~'r t"(' olectric and rmapactic firir's F' and 1! at the point (charnctemixel

~cvli irical coordi-iates (o, C, z)) d-je to the fields on 3 ca'ie slot located6

'it the point r', (chsricteriz! hv cylindric,,l cooriites w ' ','here i
;7 te ,-ahlc r. ii;nd ~is the vertici ! c:ordirate of the centcr of a

tt Z)d" UO'"X4

-. ~~~~ WG' I1c?
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2.2

w.~ere t,,e de, endencp e 3
J." is assumed and where

Y Slot area

a jk
G (reen's function = -

- 2 C 9 - cos 0, + (z -b)
2

=rL2u.,in-' nor'-aI unit victor at slat

x unit basis vectors

FO= Per-'ittivity of f rce n;Pnce Or(1Y') f3rnds/-etcrN..

UO = Ma,.etic nernenhility of free space 4- '. If- ' hpnri~sneter

For the 771 m~ode

if t~e unit basis vcoctor in the 4" dIirection in 01 !,,, C-)rr.e

*coordinate svstei in which the slot position is representc' (See -,ef. 1, #,.ction 41.1

-r :a%-- ndnitrince of ,aro-tri-Ii, !iven by

2P.



2.3

a -.Isn(2.2-6)

Y -;.ive a,'-ittance of free snace

--+ - cIrrpl~x perr'H.Livity of c.3ble material

Ea :,ernit it of calle naterial

I concijctjvjtv of c:iblc' -laterial

-or ta.' T7!node on ;j straiht coaxial catle (our 3pproxirnation)

A
= -~1~1~ca4

CA

-le~ctric field stren,t-i at the power -ource ilon-, t~e ceble, locitei

k = =E fre' -space wave number
0 0

=Sn'71e as iC 1

- ttemiation iln-x c9 hle in r'eper-,/nete-r

r,- (.-,h), it follow; t'iat

C' (2.4-b)

oC ' 7.-c y .,)~'

= 0 cC'

4 -~ - Can e
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2.4

w:erp i' s the unit vpctor Eionf- the can1l!.

ilsjn (2.2-s, b, c) ml (2.4-a. b, c) and notin, that%. a

sjiolif% f2.1-a, b) Ps lollows:

(.,~,z =+~ JIS" _rW)11 . (2.-h

Th.e '-)llo'.xn- relatiorships will facilitate further sinmiificit oro

= (-sin ^' -. cos-.'

-. 2 j -1

= ?o) cos & -c' "' (0 sin (D -sin + '1 + h')

Fro-n (2. '-a, hc)

+ <fr )cos (1+ r) .

47 2

* ~~jad, .iht'ip ail of (?.2-d) and (2.j-h)

N =--a-.

14
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2.6

2.1 Field Components from a Single Slot

Fromi (2.7-a, h) substituted into (2.5-n, h) anI with the aid of (2.3)

we obtain the rectangular field components at a point -(r,, t, z) from a

sing le slot at the point a ~ ' ' s follows:

Sr' K (-k sin '- ( - Cos - C s >
R jkR)

T") = lk' Cos t - 1 (0 sin t - smn t)
v jkR< -

= <! (z -h)(

~~~~.~~~ I' 'k ~--~--o - -,(2.9-a)K o kca (Z jjO

o a R VV ~ 1

-~ Cos Ofl --4(2.9-c)
wherp

Eo -( jkk + aG
o cake~ I- W

ind where I~and -.sare the length and width of the slot respertivel%. (r

the p-arpose of facilitating integration over the cable it Ls convpnient to

senrarte out the t'-dependent factors in each term of (2.P-a, , 1an'

bAn , c). To this end, we note that D' t 0' and express these nquations

in the forms

rr) =C(,) e3
7

r ' < e0 r a +S 1 .. V
21R )72 ljk1

Ir-Y + , r ca + e- -2- cog t 2. 10-a)

P.
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2. 4 - . -

J

A AI

.,-~ __,- __V '.-LJ *

Ssin .'> (2. '1-cB

-, J I - J 2 1I- , -

r.,-

" .ii(2...-i'

(1, useful
A, z - ,'1 -

a~~~~narpnt~~~~~ ~ inScin21 csu- h ilsfo i e te for -

r).'] an] (29a h, t':) ari less cumerom and tt ee r easier
to use "eptn to ths fo-s we ca obai the rail •dr

o nd ,-'." ,,2 2.1l~e t -'' .h (

A +- v,..,er

7i- -2t 2"- n o.Cero "ks" " "

0 c Va '< !" . -

,,- ... ..5

-- 5, 5 S%

init b , (a 2.-a, h, v t inn (2le Cc an datecriore eser"'l'dly

LL

to use. 'evortin2_ to those for~s, we can obtain the radial (o-directed) -.-

ains n~~thal mr -nirecto) comvonent =ro (2.5-a, 5 and (29a A) ft .

unit Ssis vectors i" the i'! direntions respectively, . 2,

L". %
* .S-..-

I. % N

." *= •'

•. V'b



V0 x Cos t + vv sin 0(i. 
.

v = v sin 0 .;(2.12-h)

Applyiniz (2.12-a, h) to and :11in b)~3,h and (2.9-a, b) respectively,

we have

F -k in C' - + 1--( .Cos ~)j(2.13-a)

+'' , +In ) 2. 1b

Y k' j Cos 3'(2.1.-P)
o ca (

K - Y '-' sin 3 ~ Lb
o0 a

%,-Here (See (2.9-a, b, c) and (2.9-a, b, W)

EL': e A

Sol' as e l k -

T'o comnlete the systemis of eot'ntiorc (2.13-e, b)and (2.X4-a. 1), we

Ie~eat (2.8-c) and (2.9-c) here andi assi?.n new eouation nurtY'rs:

!IK
z o caL L ~~~

Ez

I%

1*% .



V.

2.2 lntegration kround Cable " .,.'.

To o'tain the total field at a point (o, t, z), we must inteqrate over

ill the slots along tre cable, i.e., intesrate the exoressions in '2.1)-a,

I o ani 12.11-a, b, c) on C' from "' = 0 to 0' - 21,. This step leads to

+ 
k 

t+) ( I'r I) )
2 . e 2 e3 + 2 - 3 ( 2 .15- )-e e 

.2JJ- 
'. [ '.

k. LThy I 34 + e-Y 0 sin k' i(0) T(I-
"2 3 _

2-iii":2

Cfl)l:Z - i') () () (2.15-c)

y k 17( z 2 b - 7'-'-"

H ca + , <h-
k  

-2 - -r-"-))."
2i' <1 k 2  3 U 2 3.

-
Ij 2.16-a)

)>

____a___ (6( (M) T"If +~ j")
~r = - o a ~jk jk I I

•2 -3 2 3 - 2

13 J,> (2. 16-r

. re 'mnr n 1 ), 2, 3)
%:

~~~~~~. . .. . . .. .. .. . . . ... . . . . . . . . .. *
1 -. *. "..* -. , %,**..' .
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2k j +O W

2- ca

n JO p

((k\ (Ac +

PL~ "sn (2.$3 in(.5ab n (jk 12-. b, c),w na ti (2-iorxm

k C&~)

z - b" ( -~ I, T (2. 1-c)

pk Cos O 2 3) (-

Y - C(-)_
12c - 13j 2 -0 % (2. 1-p

oblr fo 21-.h n (.0a ,c .ihteado (2 2- . b'1-
The recl~s ar

L3

C(-) A.j,< c if
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7. b' jk ,)

-~- 0 ca <~ - '(k 1, 3
ik 1) oa ca (2. 2 b -c

!. o ca br - "' Y F" ( "

(2.22-c)-

.iccus~i't of the evaluation of the interrals rn i5 presented in

a%

.nen ". ,_.

> A.
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3. Calculations of Received Sjpnals

To clcul ition of the received signal consists of the follo- tnq steps:-

71en 1: "alculstion of the fields from the cable at an arhitrary point

,.s A the cable were in infinite free space

De 2 etermination of the pi~ne wave spectral representation of

the felds calculated in Step I

't'- 3: valuation of the effects of the presence of the ground on

-.- spectral -iel ds determired in Step 2

2
tep ': %7ord!inate trinsfornations on the superpositin)n of the spectral

"1s ,)cciate,! in Ste-.is 2 and I in or'-r to Prepare for the use of that

;:~e~utonPs the jnut to the scotterinz process. The trans.'ormation

js ft--7 thie eart.( coordinate system Csx, Y, z or , ,z) to a system whose

orln.?c aI-t t~e center of the scatterer and whose Z-BXiS is parallel to

7," :roct ion of the propaqation vector of the wave incident on the scatterer

-r C: -alctilation of the fieldc scattered toward an arbitrarv point,

join- '(0 -ar,(cr scattering progran

7tn valuation of the ground-reflected scattered field components

:in artitrairv point, aian usin- the Parber scattering, nrogran

It,, 7: :oordinite transformation of the scattered field conponent

trvr Iuuu ,round-reflecte0) from scatterer-centered coorlinates to ear'h

conr3!1 (-itts

Inteiration ofthe superocition of field components calculated

in -e-s-, . 6 and 7 at the antenna over the nlane-wriv? spectral space

to pr- i!ce totail field at the anternae

hei 5cc -roknd analnsqis and discussion Pertaining to S teps 3, 4. S,

*7 an I cover-1 in "eFerence 1, 'Zections 5, 6, 7, c, 3nnd In --



iv .

3. 2

respectively. Brief surraries of the key results anO required! revi~ionas

pertjinin3 to each of the stens 3. 4, 5, 6, 7 and 8 
5
-re present-d tri t"C

present report in Sections 3.2, 3.3. 3.4, 3.6, 3.5, and 3.7. Step 1, frr

which the proceluros were revised in the new project, is deqcrihed in cectin

-of t'ie present report.

Step 2 is described in Reference 1. Sections 3. L. and oidce , the --iteril

in Anpenlices IT and TIT. A brief surrsary of soine ne. investirations 'f

this issie is presented in Section 3.1 of the present reiort.

"t

-t



3.3

3.1 Plane-wave Spectral Renresentation of Fields

The representation of a Peneral electric or nagnetic field vector as

a superposition of plane wave fields, known as the "plane-wave spectrum"
I , 66,6 7

of O~e field, was discussed in considerable detail in Ref. 1, Sections 3

and 4 ine Appendices 11 and III. Referring. to Appendix 11 of Ref. I we repent

here the rourier transform pair given by rqs. (11.3) and (11.4), with slilht

odj fications.

F'irst, fron (11.3) tne field vector r()at the observation point

-(o, -i, z) is expressed in termns of its "plane wave spectrur' by k

= Z) f d 2 3 e 11 h JefkI- ~J
3-space in

which 3h 2 -
z

jkL3 -_z

+ e V

wher e

+ v A
2 x horizontal part of

A + A 7
X unit propagation vector - 3* X Z

= 3 V horizontal part of

= nagnitude of horizontal part of

P n P bsolute value of vertical conponent of

ta d.2 =(irertion anple.: of hor!7.ortal conronent of

= Cos

3 3, sin

y%

/%

*.57 ~P



3.4

d- = dl? dt '. '
x 

y

" + (3 h  Portion of plane-wave syectrum of VfQ ) corresponin- to
+jkJ2,I7"
e (upward propaaating plane wave)

= Portion of plane-wave s~ectrum of 1(4) corresponding to- l 12 ' . .

e - (downward propanatinn plane wave)

Inversion of (3.2) yields

-~~~ k(4 -y [dP jkI3,I X( 0) ± ze
(3.- )

.:here d2p - dx dy

The work that was done on this project to calculate olane-wave spectral

fields V+,) from the cable fields r(2, z) and 3( z) (._ 2) (an

a:)pronch that was eventually abandoned: see Section 41 is detaile' In Appendix

TI. Also descrited in Appendix TT is the wor: done on an alternative to

solution or (3.2) used to obtain an aprnroxination to the plane-':-ave spectruni.

~~p -. .. -. *~- .-..- . ...-

7:7

'1-2 1 1".: -

• .-
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3.2 Ground aeflections

Peflection of a plane vave with wave propagation vector ki propatatir,'

in sTri-inlinite free-space bounded os the surface of the earth w,s discuss-&
4

in Ref. 1, Section 5. The results ire -liven in Eqs. (5.13-. b). "ith snall

chnn es in notation, the results for the electric field (itlnetic field result-

will not be needed here) cnn be written in the forn

where

) = Ground reflected field vector, nronaatir2 --

rr

rz)

) Trcident field vector, lronajatinr do¢vm.,nr.

(3.3-5)'Klv
r(.

4,.*,(h = I (4.3-)' .h

^ :2
-r cos 2' IY 2 sin 2-c',(,h s-co 2 -, -~ : -..t, "h sin 2, cos ".

h"h h z

'= ren -r' cos 2'ti: - sz2-f.

'hh= I r o u n d - r e f l e c t i o n !.xt r i :. 3 ' -.! ' '

L . I

. ~ . . ... . , -
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3.6

r 1 'Z' I(.3e

( ) - (T7 3 - (3.3-e)

where

9 + jvT connlcx refractive index of earth

I+r
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.:3.7

3.3 Fields Incident on the Scatterer-Coordinate Transformations 
k- !N

"he coordinate transformations required to adopt the field comoonents

to the 'arh'er scattering program are treated in Section 6 of Pe". 1. Figure

-,.I on Pa'I 5-2 of 7ef. I is repeated her' (numbered Figure 3.3.1 in the

nresent re'ort) to illustrate the "Iob ra-.e" and "bcd; fra"'e" cooreinates.

As iF vilrit fror Figure 3.3.1 the electric field vector of the inci lent

in ttoe (x, v.) plane of the '"ab frame." The lirection of theB

o t~c "ho'.' frame" (which is parallel to the lon' di.ension of the sher-

oial n,<atte.-er) is definel by s~herical angles (3, ) referenced to the

lit) -r--. 'Aince the electric field his been referenced to the "ground Cran e"

cori,iates (x, y, z), it was necessary to develop trnnsforoations between

the ;rounl frame ind tve lab fra-m an -lso between the lab frame and body

r'-e. 'aeene transfornations w-re developed in Section 6 of Re'. 1.

1" traisformation natrices hetmeen body and lab frame, body and 'roun""

frie, t,' lih and grounI frane(in both directions for each case) are given

'-v ('.-r, ' (U.l3-a, b)' and ( h.7-, b)' of Pef. I respectively. These

r,, u-, t,) ,rvelo, the expresszios for the electric field components in

t"'i I i, frim.e in t rms -f those in the -round frame. -hese e -noressions are .2

(-.2?-a, :, c)' in ReF. 1 and ap:' to plane vave spectrel co-iponents

,f' iel'. ;ritter in oatrix for-1, the expressions are

ill= (3.4)

•5

S_1-n-

%°W,

%:::-.*':... .....,- .- -. .. .,..-... ,.-.,-, ".. . ..-. .-.,.' .. .." , ..,' ,' ,, ,, ." -..-' .'- "., -. .,., , .." .',., -',-:,', •,.':'.-- .' ,,'-, , ".,.' " ..-. --' J'q



3.8

rirgure 3.3.1 Coordinate svste.% for Berber Scatterinj ?roa'ranS

Z L

(a) Lab framae

x

(b] Direction cf incident wave

witni resiect to lab frame

coordinates

x L

7,

(c) rodv 'ra-ie



L~~ZI

.7.~~~ 1.W .•1, -7 a- W.

r 1 F Spetra incient fel vecor in labd frane (3.4-b)'
ir.

iy
1T

L .i

(O] te that r. 0. as is evident from iure 3.3.1-b)

= (cs - Cos Cos M (Cos C sin Cos 4) sin Cos.co

Ssin t,, sin ) + Co in J-

".3,Jiy ,- -

(Cos 03Cos '),Sir - (Cos 3sin t3sin 'i sin 0 S si P.'

'3 3.* .-.. .1

where ane )nt are the sherical pola r and azimeuthal an es respectively or

the wave vertnr q in the -,round frame and the an,,le is defincAd in Fqs. (.22-1,

of 72f. I "or the to scatterin g processes treated, n -mely scatterin

(:iirectlv into tire antenna (Subscrint A) and -scatterin. toward the !round-

reflectiorn noint (c
5 ,bscript r,):

cns 1), cos ,'S - 6 -. Rin '3

= _"_____-.______,.______ ..--. - -

c os 1,csi ( -( 'o) (z s sin 8.,1 + (oA sin( - ' .zA .

.---- ---- -.-. ----- .----- o-

. . . . . . . . . .. . . . . .o s - - . - - - - )  s 
-

zv/
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= ~~~~~~-,,. sin(,,- --- ------ -- ----

f DS~A Cos 1? COS012 -AS~ -z A ' S) sin + SA ain~(,,

(3.5-h:

0o() Co 050 . $r-

PS Cs ae8 COs(' 3 -) GO + i 3 + r in(,, - 2

(I. 5-c)

K S~fl'~j)0 -
05Asin('. 3

COB Cos cosQ). s+ z, sin .
2 

-fo," Sir($ 'i12

w:here

)22

tan' fLI (3.2-n)' .".-

S A A kX 5

CZ = X Y,) (3. 5e

x z + xz
A 5 SA

and where (xAA'A) (x, y.2) and (n'~SZ; are the groundf' r'a(-

coordinates of the antenna, ground reflection point and scatterer certer

respectively. The angles 1)A rnd bG are respectively the azimutlipl an~I's

P (in~ the 'Iround frAme) of the antenna reIntive to the scatterf-r center and Or

Pro-i reflection 7oint relptive to the scatterer center ("'qn. (3.5-b)' anid

(3.5-d)'). The oaranetcrs ar, 5  35a)ad(.-~ aeSurc
,r ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 1 *$s 35,' n 35c')n, sp

OeA an
%.

a .. * - - -. *--.. -~*-
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het'.nen scatterer center and antenna and ground reflection point resnectivelv.

and. fxr. YG (Fqs. (3.5-e, W)) are the coordinates of the ground reflection

nol nt.

Thie repiired inputs to the Parber scattering prog'ram are the incident

:e1niitur,. trq. (A.33) of Pef. I'

= lt 2 +I 12 +1. 2 (.-

+ LI K lL

in t- larization angle of the incident field (Flq. ((,.34) n' Ref I and

Icure 1.1.1 (h , of the present report)

L
rhe quintities in (3.6-a, b) are obtained from~ Fqs. (3.4) with the ai?

,, 13.4-a,...c), (M.-a,..d) an(, (3.5-a.

The '-quitions '6-a, 'i) were implemented on the computer as a part

Sthe ori, inal project. 'his was done through a subroutine called '!.

N11 o ne 'Fortran statements in Subroutine RMS and the calls tr -115 from

tU-e -ain proqravs were checked as a part of the current project and it was

ronf jr-i-m tilt ill of rhe pro-,ra-i~nv - s fo-ith;fil to the analytical results sunncr-

'7-r . rnve.Th analysis itself was also checked and found to be correct

.lthi
0 

h ass-ivtienn -ade in its devlopient.

.4
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3.4 The Scatterinfl Process

For the original project, the scattering process was modelledI throu~h

the scattering program developed by Peter Barber. This propram, our study

of alternative possibilities and the~ reasons why the Barber progr'r1 vas chosen

as the means of modelling scattering fro,. a human frame tar~et, are discussed

in detail in Section 7 of Reference 1. The theory behind the pro'lrem is

discussed in References 41, 45, 47, 50, 52, 57, 58, 60, 61.

Further investigation of alternatives was undertaken at the bepinninj

of the present project. The possibility of changing to c simple short d1inoole '-

scatterer was considered, as was the possibility of a simplified model in

which the scatterer was treated as a small perturbation in constitutive

parameters witiin the volume that it occuiies. The small dipole wis disrin'eO

on the basis that the human franc dimension is conparable to a wivelen'th

at the frequencies of interest and the short dipole is an extrene oversim~pli-

fication. The second ides seemed to show some promise in reducing conputer

tile (one of the principal wealknesses of the Barber program.) but again it

is not as accurate as the Barber program and the li',ited resorces it our

disposal did not allow the extensive software changes that would have been

recessary to im:)lenent the idea for this application.

For the above reasons it was finAlly decided to continue to usm

the Barber progra-i. A-,ain. as in the orig~inal project, it was inplemented

as a subroutine called by the -main prograra. Sone small software 4ere nde

in the cnllinj~ for-at within the main pro,!ram, but not in the larber subroutine

rThe fIarber )rn7,rar. models the scttterer as an eleCtrorarnetically uniior-I

spheroid of length i., and racfius >~where L nd 2P are assilredi value s
.s

ro. -.

* . -. * * . * .. , -



3.13.

correspondinp to the height and 7irth of a human body. The constitutive oara-eters

for the scatterer are chosen at values representing a composite of the wide lv

variable constitutive paraneters of the various kcinds of tissue found in

tho 'ody, (e.v_. hone, skin, fatty tissue, muscle, blood). These values,

cnreflilly chosen by Professor Barber and his colleagues in connection 'pith

their studies of absorption of PP radiation hy the human bodv, were trnns-i!ttcd

to the Principal Investigator on our project. Those were the valufes used

ir our i.ipleientation of Parber's progrnr.

7he input to the scatterer in this proirar is assumed to be a linearly

ro'-arive,
4 

plane mave. That is onr of the major reasons for our use of the

-)in wave spectral representation of the, fields incident on the scatterer

('ection 3.1 of the present report). The approxination describedi in Oection

4, -.hich wac eventually invoked in our final computations was a response-

to the eifficulties encounteree due to the uise of the, piano wave spectrum

cincopt. .kltho,ich the scheme described in Section 4 is not ideal, it is

-i teans of approximation of the in,)ut to the scitterer that captures the

ostinoortant features of plane wave fields. This is further discuissed:

in ;ection 4.

%~~ . .0a

fL

.,.I.....
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3.5 Fields Emerging from the Scattering

Process-Coordinate Transformation

T'he coordinate transformations required for the scattered fields were

described in Ref. 1. Section 3. The geometry is illustrated in ci?.ure

of Ref. 1, reproduced in the present report as Figure 3.5.1.

Figure 3.5.1

Scattering Geometry

- SA for scattering toward antenna

for scattering toward ground-reflection point

ZL

or r.s.

Ae (--tcnna)

yl or

Pni rt)

- planein the ~' ccfro e Te wv etrrrt ctee il

%s ~ Thieno'tpt f of the figrtr! scatterng fel iror s are: e ...n the

z ln ntel' rn. Tewv etrIo esatrI il

.F ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 5 cald 7% neia nlra~eo nte a r- sdnirI4

........................................................................



I1 the "vertically polarized" scattered field component ' i.e.,

[. '

the component nornal to the (x I - 'I,) plane

(2) the "horizontally polarized" scattered field component F.Sl i.e.,

the component parallel to the (xL - zL) plane.

L4

The task to be perforr.ed is to obtain the scattered field co-nponents

in the ,round frame from the components in the lab frame. The transformation,

developed in Section 8 of Ref. 1, is given by Eqs. (8.4-a, b, c) of Ref. 1.

repeated oelow in matrix form with slightly modified notation:

S) O S% I L(3.7)

w~here

L = , Ground-frame components of scattered field (3.7-a)'

ESY

=- 1I Iab-fra'se comoonents of scattered field (3. 7-1)'

[L F(cos '3 tom m cos I -(cos 0S cos o sin sin 3cos-

(M91 I 8 3 11 313 1
- sin sin 1) + sin 0 . cos ')

' 5 s s3si-- .

I(cos D, sin 0_ cos -(cos D sin b sin n sin '. sin

+ co in 0.1) - Cos Cos

-sin "3 cos j sin ', sir. 6 Co.

.1 lrl
"  3c '

.... .... ... .... .... ..- .. . . .'. ... .... ... ..

. ,._,.~~~~~~~~~~~~~~ ~~~~~~~.......] ..... ... .,.....d.....,._.. ,..... ,,. ..... ......-..... ,, .L..' .
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The expressions (3.7) and (3.
7-a. b, W) are evaluated on the coa',uter.

for each of the scattering processes "A" and "G~." A being that applicable

to scattering directly toward the antenna and G being that directed at the

ground-reflection paint.

The relationshio between the lab-fram'e components of F and the orizont~llV.5

and vertically polarized com'ponents -, SV and 1 S1is given in (3.3-a. b, c)

of Ref. 1, cast in matrix form as follows:%

[ES [()[ES

where rTL) is given by (3.7-b)',

where

VII

and

=Fos iS.(3 ',

~ wher and sines0.

ofd wre co. C an sin are given throulh (8.5-a, b) aid ~ ,c"

n8ased on (3.7), (3.7-a, b, c)', (3.8) and (3.8-a, b) of the 'reseit

report and Eqs. (8.5-a, b) and (8.6-a, b, c) of Pef. 1, the final cor'utntio-. .

of the scattered field coneonenti in the ground-frane in ter-s of j- P...

cvcan 'Se ochieved. That result is given in (;.!J-a, b, c) of Ref. !.Tt is

re,)eato'1 Selo,: in mntrix formi:

'C:0
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F(O) P (3.[9))
where

,-(rF Ind I0 are given by (3.7-a)' and (3.,3-a)' respectivel and

rP] is given by

[01 r(cos - cos d) cos o sin 45 sin 4b )cos (-(Cos 0 Cos 5S sin li

sin 0 Cos ( sin J + sin cos 't s]n

[(Cos OB sin d, cos , + cos (b sin 1j)cos 0St [-(cos 0 sin t3 sin -1

- sin P3 sin sin ] - cos 07 cos tj)]

[-L(sin 0 cos C Cos DSL (sin ' sin
+ cos 0, sin

where

cos and sin 0 for both A and G processes are Oiven by (3.5-.. d)

with the aid of (3.5-a. ..., f)'

an- W#qs. (F.5-a, h) and (8.6-a, h, c) of Ref. 1)

(U) LU(9-h)'
cosSU

sin S IKIc)S L -r U

where• ~*...'

(xl,' y,, zf!) = rectaniulr coordinates of point U' (3.9-d)'

L \ ×;2 FS2 zs2' ',
rq S _ - s) + (Y , - Y,) + (,U - Z - distance

betwecn scatterer center and point U (M.-e)

" (cos 1) cos ) cos - sin 6 sin )j)(xp - X,)

+ (cos 0, ',in C ros j + cos , sin )(,. - ,

sin ' cnq > - (..q- .'. 7., (3.1-r)•

%G'I.,' ...-.... .... -. .
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z LU - in 0. cos OB (x1 -J S + sin Csin 5 (YI. YS

+ A(z1] ZS)

and where U! is either tne antenna (Poiit A) or the round reflection ?)oiflt

(Point G).

In the original project, the equations above were iriplemertel ir a oi

routine called "!30S." The analysis on which B)S is based, the Trortrin in

the subroutine itself and the calls to it from the -wain pro-,rar. were all

examined thoroughly as a part of the current project. The analysis cs --nund

to be correct within the assumptions made and the proiratsning was foundi to 0

he consistent with the results of the analysis, so no changes were -Inde in

the software relating to the coordinate transfornaitions at t',e outp'tt of

the scattering process.

%.'

% %

%t7
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3.6 tffects of Grour Peflectlons on the Scattered Fields

Thle effects of ground reflections on the scattered fields was covered

in I'ection 0 of Ref. 1. It is an adlaptation of the theory discussed

in Section 3.2 of the presnt report to the special case of a plane wave

propajatin2 in the direction free the scatterer center toward the ground

reflection point. Although the scattered wave is actually a spherical wave,

the eroun,4-reflection nrocess is rolelleO as if a plane wave were incident

nn the ground surface in a region containing the ground reflection point

'i.e..* the point at which the law of reflection is obeyed for the path from

scatterer center to -round reflection point to antenna).

The wnve vectors directed from the scatterer center S toward the ground-

reflection point G. denoted by ~.is given by Eqs. (9.12-b, c, e) in Ref. 1.

'h" wive vector directed from the point G toward the ante!nna A, denoted by

islven by ~s. (9.12-f. ,. i) in Ref. 1. The quantities Y-and Y

For these wave directions are given by (9.12-j, k) in Ref. 1.

The following equations. takcen fron Ref. 1 (Eqs. 9.12-a, ... , k), summarize ~ ~
t~ip re'ults of the analysis pertaining to ground reflection of the scattered

z Coordinate of 3roun'

S +2. x -4 reflection point relative ~.O

Y.- -Ys ( y) to scatterer center in (3. 10-b)
zS +zA

term~s of antenna and

S scatterer coordinates

-'. = .SIN -)2 + ~ 2  (z+z)2
~S 2 AJ "

distance betweoen scatterer center and ground reflection point A

in term~s of ;antenna and scatterer coordiro-tes 3l-~

-C'e
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(3. !()-a)

where

kFl. 
-J 

S 
. r '

Z- S (

S + ZA) r components of wave

vector for scattered wave

Sh  -x)2 + (r;y)2 iRcident on ground reflection (3.1'(-h)

point

. ;- S 2  (3 ) .1o-i)

X-x (xAZ.X Coordinates of antenna (3.11-. )*:-.

A Srelative to ground ""

Pree ZA for grun-r point in terms (.3.Ua-b)"'

of antenna and scatterer .. '
ZA x A (A coordinates (3.1-:)

Az XA S)2 +  -)2 + (ZA + S)" "

r -,- +

C ZA ZS

distance between antenna and ground gn terms of antenn

and scaterer coord inates 311)r

-; r .,ri a,

r.~~~ G(X Ac . . _ 2.

r-" ( Y G' -2

1 , 1 2 4 
AA S + (

(3. _-e)

'S. + Sy-

. . . * - -

(3.11-e
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where

3X r Components of wave vector (3.11-f)

for scattered wave3 + f A .2 s"
; = z + z (Y rGAS reflected from ground and (3.11-g)

) prnpagatin3 toward antenna
(3Sx)2 + I3+S)2 (3.11-h)

.. .. . + - ( h) (3.11-i)-z rA 

-

+

+ 2 + )2-.- S - (3S)h (3J11-j) ..-

Sz V BS

(iven Fqs. (3.10-a. j) and (3.11-a. j), we can apply the theory

of 3,round reflection of nlane waves summarized in Section 3.2. 're invoke

rq. (3.3) in the form given by (9.13) in Ref. 1. The final expression for

the ground-reflected scattered field vector at the antenna is:

Cr'G A)1 (G-A) (3.12)-[ F  lIES  1 (3.12),. ,

where

•(.} 
(3.12-a)'Sx

'SY

S = (F as Riven by (3.9) for the (3.12-b)'

"C"e- ering process

-) 4 ,, (GA) (3.12-c)'
Elk o' h r r

i er "

L

L-.

<:..:-.:
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"1".

.(C1) (3 8  h 2 cos 2 Sh 2 os 2 10+

- -_- S

22 +2+
.z Sz]  

'"".

-((3 ) - . sz '

and where

- tan-1  L "

h ys I+ ) I B 11 3 1 ....C ( 8 s ) - " -~y~ I S Sh- -z ..

This portion of the analysis was not changed from its original for,"

but hoth the theory behind it and the computer software with which it was

implemented were thoroughly checked and found to be correct.

* %.A.

.:..,

~ ,*..~ .. ~ ~ % %4 p *j.J -. **-...- *-. -*"
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3.7 Total Field at the Antenna

The integration of tie components of the spectral field over spectral

space (i.e., the space of the wave vector J)to produce the components of

the total (direct from cable plus ground-reflected plus scattered directly

toward antenna plus ground-reflected scattered) field was described in detail

ir 7ef-rence 1, Section 10. This operation, which is actually a two-dimensional

inverse Fourier transformation, is given generically by Fq. (10.1) in Section

IC of Reference 1, as followst

F fs Jk10)2 2 2 k

=(a-space) d, ~~~~~'(.3

,ihire 7( ) is a component (e.g.. x, y or z) of the total spectral field

ana FP.) is the same component of the actual total field as a function of

the position coordinates of the observation point. k is the free-space
0

wave number and d2 J denotes d8 x Using the cylindrical coordinate repre-
y

sentation of . (i.e., SO - Cos 5+ -Xsin 6) ± 1Pz 1) and notint that

3 h the integral (3.13) can be converted to the form

f~k~2 r25  i~ ~ ~ jik[P cos( ~ ~ ~ 7

70, J. Z) "I f-- Jd , d8 h ,

~ (3.14)

~~eeit is noted that only the "u"eoin-, spectral wave (i.e., 3. Is)

enters the co!-nutation, hecause both direct (from cable) and ' round-reflectee

qnectral waves incident on the scatterer are upgoing.

T~n procedure for integratinp, ( .14) in the original project was to

first evaluate the 10h inte'Zral numerically and then evaluate the (5 intelral

st ationa ry phase r'ethols. It was recognized that a compromise in accuracy
F

wns incurred in certsin piraneter regimes through the use of stationary phase.

-. iowever, the expenditure of cor'2ut-r time in performinn' a m~ore rigorous
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numerical integration on 3 Is prohibitive. Consequently It was decided

to continue to use stationary phase for the 6 integration in the present

project.

There was some improvement in the technique for carrying out this double

integration, however. A new numerical integration procedure was adopted

for the 
3
h integral that is very fast and requires only 12 points to attain

great accuracy over the range from 
3
h - 0 to h - 1. That technique was

used in the computations that were done using the plane-wave spectrum approach.

In Section 4, a new approach not requiring this integration is described.

and the latter approach was used to obtain our final numerical results.

Aence the issue of how the integration is performed becomes academic with

respect to the actual results presented in Section 5.

%
,,%

-;%,'%*

r

-- ° , -
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4. Approximation of Field at Scatterer as a Single Plane I'ave

In Appendix II the difficulties experienced in trying to inplement the

plaie-wave siectrum npirnach are described in some detail. In response to

theqe difficulties, a new scheme was devised, in which tne plane-wave spectrum-

approach was abandoned in favor of an approach wherein the field incident

on the scatterer is approximated as a single plane wave (i.e., not as a super-

pos:tion ot plane waves) Obviously this constitutes a sacrifice in realism,

beciuse the firld incident on the scatterer from the cable is not a plane

wave. However, the scattering is determined by the incident field within &

the volume occupied by the scatterer. The incident field pattern outside

the scatterer volume does not affect the scattered wave. Thus if the varia-

tion of the incident field resembles that of a plane wave coming from a particular

direction within the scatterer volume, regardless of its behavior outside

thnt volume, then it can be so approximated for purposes of determining the

scatteree wve fields.

Various ways of generatin- a plane wave approximation at the scatterer

were c-ntemplated. The major problem was to determine a proper direction

for the incoming "approximate plane wave." It was decided that the optimal

direction to assue was that in which the power flows. i.e., the direction "

of the Poyntin vector for the total field from the cable, i.e., the fields

• ¢hse rectangular components are given by (2.19-a, b, c) and (2.20-a, b. c).

The procedure was to

oI) Calculate the Poynting vector for the total E and 4 fields from

the cable at an arbitrary observation point - (p. 5, z). This computation . -

,S.'

i'.

........................___
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or in component formi

1x. Re( * - !)(.-)

P - -1Re (E H* - q H:) (4.1-b)'
y 2 'z x

1 e( * - * (.-)

where E5  E7  F, H5  H and H are given by (2.19-a), (2.19-b), (2.19-c).x z x y Z

(2.20-a), (2.20-b) and (2.20-c) respectively.

(2) Calculate the amplitude of the ?oynting vector

p qp 2.p (4.2)

where P P ' z, are obtained from (4.1-a, b, c0'.

(3) kssume the normalized propanation vector for the assumed plane-

wave incie'ent on the scatterer to be in the directionof the Poynting vector

at the center of the scatterer. Since ~,by definition, must h'-s unit magnitude,

this implies that the components of are given by

3x at scatterer center (4.3-a) t
p

By- at scatterer center(.-b
0

p
= 2 at scatterer center (4 .3-0)

0

The calculations of the components of are made from (A.3-a. b, c)

with the components of tcalculated from (4.1-a, b, c)' and P from (4.2).
0

(4) The values of 3,. 6y , obtained from (4.3-,a, b. c) are used as
y

inputs to the -,arber scatterin,. program, in order to define the direction

o.- the plane-wave assumed to be incident on the scatterer.N

It should he noted that the approxination used here is basad on the

letermination of the direction of power flow only at the exact center of

%.
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the scatterer. The actual direction of the Poynting vector will be different

3t different points on the scatterer, but we are in effect assuming that

the incident wave can he approximated by a linearly polarized plane electro-

magnetic wave.

Ihe properties of the assured plane wave are as follows:

(1) the emplitude of a component of the electric field of the incident --

plane wave is the amplitude of that component of the actual electric

field at the center of the scatterer

f2) the incident plane wave is propagatinl in the direction of the

Poyiting vector (i.e., direction of power flow) of the actual

fields at the center of the scatterer

(3) the spatial direction of the electric field of the incident plane

wave is the spatial direction of the actual electric field at the

center of the scatterer

Assumption (2) guarantees that the assumed plane wave will be transverse.

because it forces the propagation direction as defined by to be-normal

to both electric and .agnetic field vectors at the center of the scatterer.

j0thouih the phase fronts of the field may have some significant curvature

within the Fcatterer volune if that volume is comparable to a cubic wavelength,

and the variation of phase in the assumed propagation direction i is not

exactly the same as that of a plane wave, the approxi-kite wave field is that

of a transverse linearlv polarized wave in the region near the center of

the scatterer. To repeat the point made above about the nature of the assumed

plane %inve, if the propagation direction as defined by is parallel to

the Po'nting vector at the scatterer center, then must be normal to both the

electric and nalnetir field vectors at the scatterer center, guaranteein'-

that tic ass,ried plane wave is transverse throughout the volume of the scatterer.

4.-

--V,.r ' _ +
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It is also linearly polarized in that region, because the direction of the

electric field of the incident wave will be assumed to he that at the scatterer

center. That direction is fixed as that of the actual total electric field

from the cable at that point.

9 oftware was written to implement the computations of Px 'i,, P 7 from

(4.1-a, b. c), (2.19-1, b. c) and (2.20-a, b, c), the subsequent computntion

of P from (4.2) and computation of 3x, -,3z from (4.3-a, b, c). 'The end
0 Z

products ef these comaputations are the components of ~,which define a prona-
gation direction of the assumed plane wave incident on the scatterer an!

which are inputted into the Barber scattering program. The electric fiell

amplitu.e and direction (in a plane normal to ~)for that plane wave, assumed

to be those of the actual computed field at the scatterer center, are also

delivered to the Barber scattering progran as the amplitude and polarization

direction of the incident plane wave. The phase of the incident qlane wav2's

electric field at the scatterer center is assumed to be the sr'ie as that

of t.'e actual field at the scatterer center and to vary along the propmration

direction (i.e., in the direction parallel to 1) as does that 3f ai nloins

wave 'ropeasting in the direction of

This plane wave apgroximation is assur~cer2 to liold within the scatter~r

re'pion for both the direct field fron the cahle and the 'round-reflectcd

field. The latter is also appro-dnated as a plane wave and its Iijrpction

within the scatterer volume is assumed to be the some as that of t~'e 1-v'!_

directly froytthecc'ble. This is a valid approximation, because th(e soorce

of the field is (for all practical iurposes) at 1iroun-d level and honce the

grouind reflection point can be locnted at the source with nerliqible f-rror.

The elevation of the cabDle slots rentive to croune level is 1j' d r*Q0.

lnss than 1 ce~ntirneter above gre'ind; hence for t'ie Rcatterer center 7-t its 6

1rnvent possible point withlin tht narneeter re-ime of interest ir, t~is st. -'
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1-g-., the case of the crawling intruder, where the height of the scatterer

center is 25 c-i.), the ground reflection point is extremely close to the

cahie. To show this note that the distance between the cable an! the ground

reflection point is (See rigure 4.1)

I1 d (4.4)

;ihere e is the radial distance between the cable and the scatterer center,

~is the hejrht of a cable slot and h., is the height of the scatterer center.

For the crav.lin2 intruder at the furthest radial distance in our conputations

('thpre d - 6.5 m, h1 .00'39 n, hl - .25 m), the radial distance from the

cable to the ground-reflection point is only about 22.5 cm and it is still

s~aller for larg-er scatterer heights and smaller scatterer distances. To

put this another wiav, the ground-reflected wave at the scatterer center appears

to originate at the inage-point shown in Figure 4.1, which isabout .39 cm.

below qround level. The tangents of the elevation angles of and ~'(the

3n-les and ~'respectively in Figure 4.1). in the "worst case" alluded

to alhove, ire

tan 1 " l .0169 rdn - 2.115 degrees (4.5-a)

h + h
1 2 ta t d ' .0398 rdn - 2.211 degrees (4.5-b)

h- !if'ern':c in Pnf~l bet-men the pro-igation vectors of the direct and

'irotind-rcn'lectel fassumed) plane-waves in the worst case is only .166 delrees,

herce fnr p'-nctical our noses t~'e propagation directions for these two waves

cml' '-i considered parallel.. *

" ased )-n the? above argunents, the ground-reflected 'wave i'npinging on

t~c qcettere r is iodelledI as a 'lane wave propiontin, in the direction of -.

... .. .. ... .. .. ... .. .. .. . .. .. .....
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Figure 4.1

Geom'etry of Ground Reflection for Plane-.lave Appr,.xirnation

fsca tterer

cable slot

h, Ground

1 j =propagation vector

for direct wave
- Imge point

d _______ '=propagation vector for
g.round-reflected wave

the Poynti'ng vector for the total field from the cable at the scatterer center.

The amplitude and phase of the conponents of that wave at the scatterer center

are those obtained throush-the ground-reflection transformation equations

(3.3) and (3.3-a, b, .... f, g)', where the param'~eters (a~ ~ used in (3.3-c. ".

d. , f' ae oaind fom ~ *3, ~3 )as calculated from (4.3-a. b, c).

d, e W a e ot ine fro (1. 
-
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5. esults and Conclusions

Tn this section the numerical results are presented (Subsection 5.1)

in-' then discussed (Subsection 5.2).

5.1 Numerical results
l L

'lruerical computations were nade of:

(1) The rectangular components of the (direct and ground-reflected)

electric fields at various observation points near the cable in

the absence of a scatterer (i.e., the "illuminatin- fields" in

the region where the scatterer would be located) I.
(2) The rectan3ular components of the (direct plus ground-reflected)

electric field at the antenna in the absence of a scatterer

(3) The rectangular components of the contributions to the field at

the antenna due to the presence of the scatterer (wave scattered" .,

directly into the antenna plus ground-reflected scattered wave

at the antenna)

(4) Th- r-cta nular components of the total field (direct-wave-plus-

-round reflected wave plus direct scattered wave plus ground-reflected

scattered wave) at the antenna

The for'at for these computations was essentially the same as that in

'eference I, ,ection II. For the set of computations (1), the amplitudes %-%

of the rectanjular component of the electric field were computed for eight

values of o, the radial coordinate at the observation point, at a fixed value

of the azinuthal coordinate ¢ and the heiht z. ror one particular set of

results presented, z is set at 0.5 meters and 5 is set at 0 ,), 1%3fl or

27() . -or nonther sot of results presented, o is set at ()c and 7 is set

i 1t , 1.5, - onr 2.3 nters. -or each fixed pair of values of and z, a

* %

%J.*.°%
," . '..5
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set of runs was made for P - 17.5, 19.0, 20.5, 22.0, 23.5, 25.0, 26.5 and
28.0. In each case, the quantities IF I,'I. .EI x!2,Ey 2  I 12 ad

X y x T Oy. z

JExd= 20 loglo [Ix, 1EI and !Ezd were computee.

The conoutations (2) were also of the absolute amplitudes, squared ampli-

tudes and amplitudes in decibels of the rectan3ular conponents of the electric

field, but at a single point, the location of the antenna. The assumed antenna

coordirates are 0 = 0 and z - 1.

The format for the computations (3) an! (4) "as exactly the sare as

that for the computations (1). Of course, the coordinate values 0, ", and

z, which were the coordinates of the observation point in computations (1),

are now the coordinates of the center of the scatterer. The coordinates

of the observation noint in computations (3) and (4) are those assumed for

the antenna,D - 0 and z - 1.

The puroose of the computations (1) is to deternine the anplitudes of the components

of the fields that illuminate the scatterer as its distance fror the cable

varies. The cable is at p approximately equal to 24 meters: hence'the

radial distance of the observation point From the cable is varied from 6.5

meters inside (p - 17.5) to 4.0 meters outside (p - 28).

-Computations (2) and (3) were done for the purpose of separatin, out

the contributions to the fields at the antenna locetion from the c&a1c (hot'

Airect anI round-reflected) and tie contributions from the scatterer. '7onpu-

tations(4) are those of the end-product of this study, the total field due

to cable, ground reflections and scatterer.

Since the antenna used in the system of 11rect interest is vertical

and therefore responds only to the vertical electric field component, plots

are presented only "or the vertical field components in Comprutations (3).

Tibutntel results ere presented for all field cononents.
''p

-~....... -,.....................................-..........................- . ........... •- . . ...- ,- . A,.



For the coiputations (3) and (4), three cases are consiiereO, as in

eference 1. The first case in the "radial walk," where the spheroiO thit

represents the human frame target has its long axis in the vertical eirection

as it moves between 0 17.5 and o 28.0. The second case is the "radial

crPal," q-tere the spheroid's axis is in the horizontal direction ,nd pointed

in tho radial direction as it traverses the path between 17.5 and P = 2'.0.

Tethird case is t0- "radial wall: on stilts," where the upright tan" is

Plev-ited ')y 1 meter relative to ground level, implying the use of I netcr-hi-,h

nti!ts to elule detection.

The tibles below (Tables 5.1, 5.2, 5.3) constitut2 nn account of thle

nu'erical resuilts for Comsputations (1), (3) and (4). The results are all

presented in decibels relative to a reference level of 1 v/rn. In each column,

the peak value (if it exists) is indicated by surrounding the number by a rectangle.*

The results for Computation (2), the fields at the antenna without the scatterer,

are:

:F -112

xdB

-. dB-

SIn sane cases. there is no clearly definable peak value, in whlich case Vier?
in no sttch indlication.K
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Plots of some of the above results are presented in Figures 5.1 through

5.24. The plots are as follows:

page 5.10, Fig. 5.1 illuminating field component: IJEIdS vs. o, z - 0.59 * -

5.11 5.2 99. .. 90 .

5 .1 2 5 .3 " ""9 1 8 0"

5.13 5.4 "" 270 °

5.14 " 5.5 . .. .. dB vs. 0, z - 0.5, 0, -
y

5.15 1. 5.6 99 1. 11 11 1 1 1 .1 900

5.16 " 5.7 " 9 " "" 180. . -

-. 5.17 " 5.8 99.. . .. 270" -

" 5.18 " 5.9 .. . . I JzdB vs. P, z - 0.5, - 0" .,"*..

" 5.19 " 5.10 . . " 9 " 11 .1 "190 "

5.20 5.11 IS9... 180

" 5.21 " 5.12 " 9" " " 270s
L

5.22 " 5.13 Scattered .E JdB . Radial walk, z-1 4,0.

5 . 2 3 " 5 . 1 4 "9 ' " " " " 9 0 .

5 . 2 4 " 5 . 1 5 ". " " " " " " " 1 8 0"

5.25 5.16 "" " " " 2700

" 5.26 5.17 " " " " Radial crawl,z-0.25 0-0

" 5.27 5.18 1. 99... 900

5.28 5.19 "IS99 " 99 " " 99180.

5.29 5.20 " " 9 " 9 " 270-

" 5.30 " 5.21 R. ' Iadial Walk. z-2 ," 0'-, ,

on stilts if
5.31 5.22 " " 90*-

5.32 5.23 ISO 99 9 99 " " 180.

5.33 5.24 , , 99 99 . 99270"

%
=o.

."9 ' .. , ... J.,, 'b"" ",,, . , ,.9" " .,/ i /'2
.

. . .- ". :",o ° " . .% . . - .. .. , . - -.. '



5.5

I.'. ( - -C C -C

c' C- -, - N -C, C '

Ci c

CT C' C, C

- - -- I U (N C C- C, C7 ' C

w- cc C, C- '-

-- C C'

- C4

CC

C-C

C - " (N C
(N C C'~~~ C" ~ c, . ~ r r C -

('I ~ ~ ~ ~ ~ c -I I I I( C " C C



r4- - - -- - -

% P"

C, cy N, r) r4 C'C' U ~C 9 u C,
C - . .

ID ~ ~ N,% - '
C4 C C.4

~ c~- C '41 1 N4 c c- M ~ U' 11.) 'C,
oo C-4 -t CN Z 19 11 ( (N '- .

2~ -T ~ - - -

S - -C m' cc 't~'~C

W W 114 4 1 rl 17, IC
1

4

C- cc In C14 1

xl Im C'

C4 tN %I C-I 1 C'u-l LI



-~ -~5.7

J- C1 1-N

61 - N - o c

C C

I - - -E

t- a0

C. - - cc . ~

I I I -A1 I I

r, 4 3N ef; ~ , c
Ir.c I I cj In I

M NN IT4 -3 Nft A

Lin

-i r4 (N 4 3 - C -4



C, -D 00 -: - - - f- -- -

a, %C -1 t. c ci I Ir c . J

Q- 4 -T en 0'I m en m -4 (n0 twC'

a c c - - c 'T - , - r - D c m,

7 7z

- N

S00

cc C4 rq C-

C, C - j0 0 o

N -. 1-1 4 14 C---I4-m '4

0 r4 CI

-: 4 W; C4 mC O 3 C C OC C
l -4 A CN -N -- C- -

C -o I.



,.. 5.9

C
C

-' ,'- I-. C~ ~ C lCN~O'-
- ~ r~ c~ -* K-~j~ar~ -'
C

a ~ % 4

- I-I- -I I I I ~ I

~ (N ~ C'
-~ .7 I~ ~ (N

a.' C S COO ~'OC
- 0-~

-~ I I I I I I I I

A.
C
C

cCOoCooC
C ~ -

- I I I g I I I

I I.- CC C
I I I I I I I

C 0000000

I I I I I I

r
'I C'. (N C": (N (N (N

I I I I I I I

~/ C', I'a ("I - C" (N (N (N

C

I I I

'C.

- IN IN N (N rI (N ('I (N

I I I I I I I
- . C-

- - - - *-' 02 'I t
-' - - - - C - -

I I I I I

~t. C fI C 'I' C a" C
I'- C C (N C'~ a,' '~' .Z

("I (N N (N (N IN

C-

C,

C-

C-

-.



5.10,

5.10 FIGURE 5.1

PLOT OF IEXI IN DB .VS. RHO
NO GROUND REFLECTION, NO SCATTERER

PHI - 0.0 HEIGHT -.5
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FIGURE 5.2

PLOT OF [EXI IN DB .VS. RHO
NO GROUND REFLECTION, NO SCATTERER

PHI -90.0 HEIGHT -.5
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5.12 FIGURE 5.3

PLOT OF EXI IN DB .VS. RHO

NO GROUND REFLECTION, 4O SCATTERER
PIl- 180.0 HEIGHT .5
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PLOT OFF JEXE INE .BVS. RHO

NO GROIIND REFLECTION, NO SCATTERER

PHI -270.0 HEIGHT -.5
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I FIGURE 5.5

bPLOT OF lEYl IN DB .VS. RHO

- NO GROUND REFLECT!ION, NO SCATTERER
PI -0.0 HEIGHT -.5
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FIGURE 5.6

PLOT OF lEVI IN DB .VS. RHO

('0 GROU?4D REFLECTION, NO SCATTERER
PHI -90.0 HEIGHT -.5
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FIGURE 5.7

PLOT OF IEYl IN DB VS. RHO t

NO GROUND REFLECTION, NO SCATTERER
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FIGURE 5.85.7

PLOT OF lEVI IN DB .VS. RHO

NO GROUND REFLECTION, NO SCATTERER

PHI - 270.0 HEIGHT -5
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5.18 FIGURE 5.9

PLOT OF iEZI IN DB .VS. RHO
NO GROUND REFLECT ION, NO SCATTERER

PHI1-0.0 HEIGHT-.5
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FIGURE 5.10

PLOT OF IEZI IN DB .VS. RHO

NO GROUND REFLECT 104, NO SCATTERER

PHI- 90.0 HEIGHT -. 5
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FIGURE 5.11

PLOT OF IEZI IN DB .VS. RHO

NO GROUND REFLECTION, NO SCATTERER

PHI- 180.0 HEIGHT- .5
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FIGURE 5.12 52

PLOT OF IEZ IN .BVS. RHO

NO GROUND REFLECTION, NO SCATTERER

PHI -270.0 HEIGHT- .5-3
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5.22 FIGURE 5.131

IEZI BVS.

RADIAL WALK
HEIGHT - 2 PHI -0.0

SA1EI FILaDS (N.Y
(DIIEC PLUS (iIW RiCO)

7 ........

170 1. 93 2 . 2 . 20 2 . 40 25 1 2. 2. 8r

RH /MTP



FIGURE 5.14 52

Jb Ez I DB VS.
I RADIAL WALK

HEIGHT - 2 PHI -90.0

-SCATTERED FIELDS ONLY
I - ~(DIRECT PLUS GROUND REFLECTED)
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5. 24 FIGURE 5.15

Ez I DB VS.
RADIAL WALK

HEIGHT - 2 PHI - 130.0
SCATTERED FIELDS ONLY

S(DIRECT PLUS GROUND REFLECTED)
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FIGURE 5.16 52

Ezi DB VS.I
* RADIAL WIALK

HEIGHT - 2 PHI -270.0
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5.26 FIGURE 5.17

tEzf oB VS. 0

CRAWLING SCATTERER
Z - .25 PHI - 0.0

o SCATTERED FIELDS ONLY
(DIRECT PLUS GROUND REFLECTED)
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FIGURE 5.18

lEzi I B VS. o _

CRAWLING SCATTERER
Z - .25 PHI - 90.0

SCATTERED FIELDS ONLY
tc 7(DIRECT PLUS GROUN REFLECTED)
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5.28 FIGURE 5.19.

lEzi DB VS._ _

CRAWLING SCATTERER

Z - .25 PHI - 180.0

SCATTERED FIELDS ONLY
(DIRECT PLUS GROUND REFLECTED)
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FIGURE 5.20

Ezi DB VS.o

CRAWLING SCATTERER
Z-.25 PHI - 270.0

SCATTERED FIELDS ONLY
(DIRECT PLUS GROUN~D R FLECTED)
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2' 5.30FIGURE 5.21

tEz1 DB VS.01
RADIAL WALK 011 STILTS

Pill - 0.0
SCATTERED FIELDS ONLY

(DIRECT PLUS GROUND REFELECTED)
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FIGURE 5.22 53

lEzl DB VS.
RADIAL WIALK ON STILTS

PHI - 90.0
SCATTERED FIELDS [1)L Y

c; (DIRECT PLUS GROUND REFLECTED)
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FIGURE 5.23

Ezj DB VS. P04

RADIAL WALK 0W STILTS
PHI - 180.0

SCATTERED FIELDS ONLY
(DIRECT PLUS GROUND REFLECTED) -
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FIGURE 5.24 53

lEzi DB VS. P

RADIAL WALK ON STILTS4
PHI - 270.0
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5.2 Discussion of results

5.2.1 The illuninatinst fields4

Consider first the components of the "illumnating electric field" with

no ground reflections, as given in Table 5.1 and Figures 5.1-5.12. These

results are from conoutations of the amplitudes of the quantities in ':qs.

(2.19-a. b, c). Since these results involve the integrals around the cable,

we cannot say that the fields originate froq any ore particular portion of

the cable. However. intuitively (aieed hy the discussions in Aopendix 1,

expecially Section I-C) it is evident that at points vary close to tie cable,

the major contribution to the fields should come from the slots closest to

the observation point, i.e., those slots where, ' is very close to ' . '1min-'

that intuitive ides, the roug'i depeneence on 6 -N& + (z _ b, ) 2 (wvhere

1k= -0) the distance from the cable slot corresponding to ~'=*.sould

be easy to establish. rirst, the factors (J!. I~ I 1) that appear in all

the electric field com4ponents of (2.19.-a, b, c) can be thought of as varyin2

roughly as .-L Il + To I E and Fy, there is a factor proportional to Lk

multiplying (jl 1 2 - 1 3) in one of the terms. Thus the factors Ukjk 1 2 - 1 3)
in the cos I~ and sin (b terms in E and E respectively should vary roughlyx y

as -I. The sin $ term of '7 and the cos t term of F should vary
6 2 (k6) 2  xy

roughy as Based on these considerations, we should be able to conclude

from (2.19-a, b, c) that

At t * or 1~= 8V

IF. I1 (5.2-a)
x 2

r
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IF 1 C(5.2-b)

IF C. Iz 2 b'lI +F (5.2-c)

At O=00 or 6 270*

El ca(5.2-d)

I I V (i.2-e)

C b'I 1* Ii1(.2f

T1he es(3.2-a, f) tend to corroborate the results In Table 5.1.

The major trends obnerved in Table 5.1, Parts (n), (b), (c) ore:

(T) The peak values of all three field amplitudes always occur at

p=23.5 m.

(2) At p - 23.5, where peak values occur, the y-corsponents of the fiele

amplitudes at .)900, 190* and 2700 are nearly the sn-ie as the

K-components at t = 0% 900 and 1800 respectively, i.e., the x

and y conponents appeair to interchange their roles at 900 intervals.

(3) At other values of 0, the x and y field amplitudes show very weak

'4) Ait o. 23.5, peaks of the z-field amplitude are rourbly the some

ni those of the x and y components. IO

(5) At other values of 0, the z-component values are considera~bly lower

t;i3n the x and Y COMponent values.

;one of these effects are discussed more quantitatively below. rrom

- - (x2-~ f), we cnclule that, if cible nttenuation Is ne'llected

4-.,

%
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*." - J

X16-o" or 180 °  1y-90o or 270a

y b-O* or 180* 
1
x !-90* or 270-

or 180* - e-90 or 2700

. xI 00 or 180 0 I I

E-90 or 270 * y t=O* or Oa ( 2"..

(5.3-d)

, I t¢°z or 180" or 90" or 2700 IE z.I* or 1800 or 90* or 270 °

I'-2 ' I n . .
Xt$-o0 or 180°  "y l)=90 or 270a

(5.3-e)

'!ost of the effects nredicted by (5.3-a, b. c) are borne out qualitatively in

the comnuted results shown in Table 5.1 (a), (j), (c). in 'erticular, the

independence of I3ZI on the angle € as predicted by (5.3-c) is borne out

by Table 5.1, Part (c) and the tendency of IFI and !r I to interchange'st i.

Intervals of 90 are borne out by Table 3.1, Parts (a) and (b). -

Using the numerical values of parnmeters assigned in the conr.utations

in (5.3-d) and (3.3-e), we have the following approximnte results predicted

by (5.3-4) an,) (5.3-e), indicated in the tabulation below:

In every case in this tabulation : 2 1.05, T' 4',/.7 . , .-b' , 5,

ca !o 'L2 ( - . -b --

23.5 .5 707 1.414' .544 .L76 1.21 ;.667 1 -3.5 J

25.0 1.0 1.12 .03 .6!;7 .75q 1.23 '.913 .5 -. 71 -5.C
2r.5or 26.5 .0 3.0 .333 .7i9 .111 1.C5 . 07 .167 - -i7*-

1"7.3 . i. ,17 .7 .27 , .I , . 0c iO' -2.19, -21.3 "%,%

V l~ %7
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The ratio ( ld in -able 5.1 !s about -5 d0 at p = 23.5. as comnared

with -3.5 dl as in the tabulation below. The computational results ,iven in

Table 5.1 for "h)dB atp P 25.0, (20.5 or 26.5) and 17.5 are (-3 to -4 dF), -

(3 to -2 dF) ird (-I to -3 dB) respectively. The corresponding values on

toe tahulition above are -.71 d, -1.36 dn and -2.19 eB respectively.

The comouted values of the ratio '2)dB for 0 = 23.5, 25.0, (20.5 or

2A.5) an! 17.5 respectively are (0 to -1 dr), (-5 to -10 dO), (-16 to -17 dT.)

and (-23 to -25 d3) respectively. The corresponding values on the tabulation

ehove are 0 rd, -6 d1, -15.6 dB and -21.6 dI respectively.

For the rost part (i.e., except for the result at o = 25.0), these

results indicate thAt the illumination of the scatterer situated within about

6 -eters radial distance from the cable oneither side are primarily due to

the slots near the scatterer location, i.e., the rough estinates culninating

in the tabulation above, which are based on the approximation that the field

comes entirel' from the cable slot at o' = n, core remarkably close to the results

-lvn Jn Table 5.1, (a), .b), (c) which take account of contributions fron . -

all nortions of the cable..

The re-iaining dependence on ,b in (2.19-a, b, c) arises through the cable %

ittenuation factor e
"
-
<  

which is present in C()). This number in d0 is

, .$ . 'i the values -- .002, . - 24, the decibel lifFerence at 90-

itervals ne to this factor is about .417 or .65 d,. Thus the variation

-nth t due to this attenuation factor over the entire cable is about 2.-1 d-.,

corresoondin- to a 1300 variation of about 1.3 dR. That helps explain the

sna~l decrnse (bett¢een 1 and 2 dl) in field amplitudes between C.
0 

and 1,""

a n:I het'jeer 90" an,' 2700. Otherise the variations between the 1. and

IEv results -or b - (00, 131
)
) and tosr. for o = (9C0, 27CG) appear to be

',ve to f-'stctorn ss and in o in 2.19-ep) and (2.19-hb). 7ecause of

%.."_

%...
_,-

-
_"
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these factors, the computed values of Jr.yldl at *90*, l80* and 270* are

nearly indentical with those of IF XIdR at 00, 90* and 1800 respectively.

From Table 5.1 (c), it is evident that there is no significant dependence

of Ir zi on o except for the small (1 - 2 di') difference between values of

t separated by 180* due to the attenuation facte)r alluded to above. 0thervise,L

as indicated by the absenceof 4t-dependence in Eq. (1.19-c), the anglitude

has nearly perfect cyLindrical symetry.

!.now consider the variation of the illuninating fielets wiith the height

of the observation point z at 6 =00 (Tsblc 5.1 (ci), (e), (f)). As z varies

from 1 to 2.5. the peaks aradually disappear and in 3eneral the variation

of field cnplitude becomes increasingly flattened. This is clearly due to

the fact that the depeadence of field strength on horizontal cdIstnnce from

the cable is weakened as the vertical distance Increases. The mathematical

den,ene of field strength on these two connOnents of the separation distance.

is contained in the distance 7, which is essentially the sq~uare-rent of the --

sum of squares of horizontal and vertical distance fEros the cable. As the.

vertical distance is increased, the contribution frort the horizontal littance I
is increasingly "swamped out" by that involving the vertical distarce.

rinally, we observe by comeprine, Parts (a) and (1i) of Table 5.1

with !'art (c) of that sane table that there Is appreciable difference betiw-ern

the vertical and horizontal field anplitwrlcs in th,! rp!,ions neer the peak

values but that the vertical amplitu~des decay sore rapidly as the observation

point racedft froe th" cable. The reason is easily eetermined from. 'qs. (2.19- .V

a, j, c). 7%he vertical field ecays rou-,hlv is -Lnd the horizontal fiok(s

as -~ as the distance from the cable increases. Thus, while their values

dare comparable near the cable. the vertical fields decay more ra-iily ith

Jijetince from. the cable.
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5.2.2 The scattered fields

'!e now turn to the results for the scattering contriition to the field

conttonents at the antenna (Table 5.2 ond Figures 5.13-5.24).

First, '4e consider the variation with o for fixed t and z. There are

three sources of this variation, as follows:

(1) The variation of the fields illuninating the scatterer with the

distance from the cable. This was discussed in Section 5.1 and

is sianrized in Fqs. (5.2-a. f). If the effect of ground

reflections on the illuninating fields is included, these results

will be changed but the variation with distance fren the cable

will not be radically different. A

(2) The factor - on the wave scattered directly into the antennar SA : ""'
and tie factor ( + r on the ground-reflected scattered wave,

where rs.\ is the distance between scatterer center -and antenna

location, r GA is the distance between Iround-reflection point and

E.ntrpjna, and r is the distance between scatterer and .-round-

reflection .oint.

(3) he denendence of the direction of the x.,ave scattered into the

antenna (relative to the direction of the incident w ,ave) on the

Oistance bet:een the cable and scatterer and on whether the scatterer

is inside or outside the cable.

The three effects (1), (2) and (3) above are all iresent in the scattered

.,ave. h,:t tie "lathenatical relationships 3r too complicated to determine

e::actly thi relative role of each of tlhor'. 'owever, it is possible to

Sintitivoly irfer sore of this information at least qualitatively.

Consider first te -ffect (1). From, the discussions in Fection 5.1,

:e shol :pect that, due to "ffect (1). since the scatterqe field aralitude

C. %="

'.:'
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is rouChlv proportional to the illuninating fielil aplitude et the scatterer

center. the scattered field amplitude Alli reach its peal: near P - 24 neters.

This is shown to be the case for all the outputs shown in Table 5.2. (a)

throug.h (i). The peak is reached either at 0 - 23.5 or P - 25 in every case.

This means that (since computations are nade at 1.5 Peter intervals) the

true peak is somewhere near p - 24,. i.e.. when the scatterer centei is directl:,

over the cable. If Effect (1) were the predominant agent in deter'ini'j

the variation witi P. we would also expect that the I - 2 dP, assynretry due

to attenuation (as discussed In Section 5.1) would enter into the results

'owever, the way in which these features would appear is quite complicated.

There is a contribution to any scatterel field component fin-n the %~, y Rnd

z-components of the illuninatinp fields, so the precise dopenrience of the

scatteree field on ID woild be a composite of those arisin.,. fron ench illuminating

field compnonent. Since the scatterer is 3ssumad to be isotropic, however,

the horizontal and vertical components of the scattered fiele would be affected

!rintarily by the liorizontal and vertical components respectively of the

incident fields; hence the p-variation or the amplitude of each scatterer'

field copmoonent should contain some of the features of the correspoeinC

conponent of the incident field. The extent to which this is trite, iovpver,

* depends sensitively or the direction an~le of the scattered field ror ?Yrrnle.

the vertical corlponant of the illuminatin* S-field wrill certainly: ive rise

to some horizontal components of the scnttered r-field emcept possibly in j

the case a5 absolutely ?ure backscetter or pure forward scatter, which could

only occur for n vary rere fjeonetry of cable, scatterer and antenna.

p-'.

The ?ffect (1) sh.ould cause rates of decay of field strenlth somei:here

is taulyto o proporio al to roei'h ian ofwelt aptu fdecat the scate .

between Iand as the sctterer moves aawplud from the cable in eiter - irection.ers,....

tuakis sowernea r 2,7 id.,hen the sraterecay cene direct'

'ei r %P
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exnect Odue to this lechanisn,. The 0 dDS level is tal:en to be at o 23.3

in ever- case.

-3 (approximately, (c'=-20 lo"i f-iL1 dl H) r
no~lecting z) 1 ~ )d

17.5 5.5 -22 -44 -65

19.0 5.0 -20 -40 -60

20.0 3.5 -17 -314 -51

22.0 2.j' -12 -24 -3r,

23.5 3. 0 0 0

23.0 1.0 -6 -12-1

26 .5 2.3 -14 -28 -42

2S.0 4.0 10 -36 -5 4

Another feat--re of the vnri',tion of the illuninatino, fieles with distance

Fron th~e ceible is a difference betveen The illuninatior Mechanism inside

the cabl- c~trcle and that outsile the circle. Tnsirie the circle, the ca;,1o

'"plears concive, :hile outsie Cie circle, it appears convex:. -rlus it a

given disatance fran the cable. a lar-er portion of the cable illuminates

the sc-tterer than v*ould he tbhe case at that sa',e distance- outside the circle.

o',reovor, inside the circle, the 'phasecs from the illuninating slots should

he more nearly equal. This s!hotld introluce an ssymmetry resultin , in large!r

illuriitin, rield stren2th at a :5iven distirce frorl the cable inside the

circle rclativq to that observed at thnt sare distance outside the circle.L

-he 2ffect (2) should be iweak relative to (1) in (eternining the field

winrintion %vjth ) nn is ensy to esti-ate. Considering the scattarin3 direct.

iito tle internn Aihen the scatter is inside the cable circle, the factor ,

1 trours Pn increase in fiel' stren-th as the scatterer naves aliay

'ro- t' i ~nr to,:srA the -intennr.. This c~fect in opposit? to tOat duei

to Uf.'ect 'J), ,Ili"< is -i docrense in fie ld strenth ns the scntteror -laves

I I

~~~~~l.*~~~~~~~~~~~ I 
, , ~ - . . .

* * \,. * . . - - ** .
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further inside the circle. The mannitude of this effect is rou-hly 20 logpr rSA._

The numbers roui,hly follow the tabulation below, ieglectinj the effect of

the vertical coordinate z

0=rs -20 lollOr. .i-

23.5 -27.4

22.0 -26.3

20.5 -26.2

l1.0 -25.6

17.5 -2-.9

The variation betv' en the values of 0 for which computations are no,'e is

only about 0.6 d!,. The entire variation hetieen 17.5 an( 23.5 is only about

2.5 (11

As the scatterer recedes from the cable when it is outsi-te the circle, -

the effect is to decrea.e te field stren-tb. -he tabulation he!o,; applis

ta that, case--.'"*

S r S -2 1 o r.

25.0 -28.0

26.5 -22.5 "

2'.) -20.! .

Tn this case, the r-te of decay of the field is about .4 or .5 d!-5 for each

1.5 meter itcrease in o.

iiis efect is rou-ily the same for th- -round-r-flicts,! scrttered "ie-l.

since the size of (r. + r,) is not very diffsrent -ro:- t'at o.' r,. A.

evidencei h 'ho alove tbt, lations, it does introduce n snll .:"-"ntrv bat',eer

v3l,!s of 3 .s-.e ar ' outs-!e ti e cable circle. "le efrect .r'-ull Ie to

rn'ice tie rnte of docn, .'ieV, stre"- ns tOn -,.ttrr -,,:r nv a r-l

".

. . . . . . ---' - -' '.%,,,-%.,, , .. . 2 -' - %J,. ', , . 2%2-.'. , J-. .% _ -2 . ' ._
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the cahie ingie tNe circle and to increase tie rate of decay as it maves

nuwar fro- the, cable outside the circle. In hoth case-;, this asymmetry effect

shoult! ',e ,'uite .srall compared to the effects (1) and (3), the latter to

he Iisrusse! below.

iiilly we consiller the effect (3.If we thin!. of the scatterer as

bo, illurin'ted primarily by fields from the nearest slots, then as the

sc.1tterer mov, s awav fron tne cable inside the circle, the scattering into

th' 3ntenn, direction 'hecones increasinnix more like forwiard scatter. As

it receee froni the cable outsidi the circle, the effect niore nearly resembles

lackscatter. In either case, when the scatterer is very close to the cable, .
it is illvninated pri.wrily from below and hence the scattered vwove into

the antnnna is at a wide an'21e fran. the incident wave. Since hoclvcatter

is 10lely to he rniich stron~er thin forward scatter, we should expect that

this nclipnisci will praduce ihigher raite of decay as the scatterer naves

ei.:ey frorn the cable insidre the circle than that which occurs as it receres

outsirle the circle. "lot asyretry~ in p around the cihie is exactly opposite J

to thle one caused by the effect (2).

ie resuilts on rate of deco., of field stren-,th as the -catterer recedes

fror the cable nr quite errnstic ane shn-i no clear trends t's-t wrould ind4icate

whethc r -icchanisns (1), (2), or (3) -ire the orodoninnnt ores. 7he rates Of

fdecsyv.ar.' fron s-nall values coirr-ensuirnte irith riechanisms (1) and (2) to

enor-'ozi %-Pl-vzs that e7nneor to bear no obvious reletonshin to the rechnnisns3

*.fc'ov lipcvessa'l here. Sometimes the liieli decays from its neak val e -.ore

rapidly insidec the circle t'hee it does outside the circle ind sno'ettres tOe

o :osite trend ;iolCs. 'This Is not surprising in view o the comnplexity of

the calt'lations nalb here. 1:ach r..1nntity cvlculated is a coherent smrn of ~~I

ti-)e co-'nle:: jurntiti-s, the fieldA component of the wave, scittered rilrect'.

ipto tn 'ntenni -'id th-it of t ,a scrtte'wcl i'ave reflected fro ithe giround

Ohm
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and then propegatinn toward the antenn. These two complex quantities are

of comparable malnitude (as shown by computations we have carried out in

which these two constituents are calculated separately) and their relative

phase is very sensitive to snail chan es in pareneter ,alues. "ence the

resultent aiplitudes can ran , fro, values near zero to values nefrlv twce"

the amplitude of the direct wave field.

In addition to this, the scattering process itself for this freriency

ranze is highly sensitive to anle and should produce sone erratic *r

noise-like" effects with snall changes in geo.netry.

At tis point, having discussed tie variation with 0 for fixed e5 and-

z, we will discuss the azimuthal asyn.metry in the results. There were certain

aziruthal trends observed in the illuriratin 3 fields, presented in Table

5.1 and discussed in Section 5.1. For thnse horizontal field coaonents

the anplitudes 3t o - 0* and f) - 180 vere nenr.y the same, -s were those

at . 90
° and . - 270, the latter heinn lar ;er tian ti-! for.er for !r: ,.

and smaller thin the former for -' he z-components were Abre nearly azi- ,

nuthally uniform. Snall decreases in nplitude e ) increeses due to ahle

attenuation v.ere also present in all connonents of the illuninatian fields.

All o[ thiis was arenable to explanation throt,N the equations for t.? -

illunlnatii, fields.

Since the scattered fields are nrorortional to the il!,,iratin. %,s..

we searched for the so.e azinuthal .ren-s in the forner -Is 'ere o* servw(

in the lattr. Sone of these trends are present but not necessarit.y consistently.

;owever, e:,cet for sone wild fluctuntins, rrohahly ettribitable to coherent

addition of to rou~hly-erial size conrlx nunbers t r. tend-!ncy i.3 for the

•ir.cte . fi.l(' compolentr at 1 - q -'="(4 to )c rou~hly cnnpare.le

to each other nnd to the y-dirncts: cononents at - an - -7O). I A.

The snni co~ncrisor. e:ists (,aijn very roirhly) bet.1-en 2.. at - ane'

,s'o ."

%
%.**
%-
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:7'* an'!V'V at = fl and 11' 'To,nver, the z-co'-ponents ap~'reer to

'xhifhit u'-'ore s3j-.ut-nsl asy-netr, than their countern~arts for the illunin- '

atin fie'lds, 'aiich -..ere nenrlv vr~retrical. 'There is also moe 3ziitha].

iy-~-etry in all conpanents of the scattered fields than v.as Dresent in their

cotinterperts in the illuninatin- fields.

A nossible partial reason for this additional asynetry in all th~e conponents

is the fact that, it e' - 0* Pnd 1) =l)'0, the scatteree field conponentns

Icontain lp'r,,n contributions fran, E anO 7 of the incident fields and

the sccttrer field components : contain lnr-ge contrihitions frrom incident

'Iand 7 Al]so, at '=90,* and t = 270', scattered 2has contributions

fror incident !7. and 2. contri'mit ions. -Nis asyrretries in and T:. in

tic illu'-inatinq field will fir'd teir :avn into 'z in the scattered field

ind will alni introduce ',rpate- asy-netries into scattered "and

ai' te nv-t e:,,r-'ine thie WIf-rences betw:een the rerults Tor the rodinli

:nl: 1~, *ipri; 't acitteror, Tihie 5.2, (a), (b), (c)), tia2 radial crawl

= rron- scatterer, "ablP 5.2. (d) , (e) , ( f)) -nrl the rai3al wall:

An ItiltS (7 =2, u!ori'ht scatterer, Table 5.2, Q)i, 0) i

Aside fron the trends airendy co-i-ented upon. urhich tend to be co-qno.

to ell tiree cases, tiere are sane nteneral comparative tendencies observed I 4
'whici anneir to he consistent witi intuitive exilectotions.

-rrt conparian t"e radial wrcle on stilts (7. - 2) with the radial v.]F:

*1). the corresponin-, field ca-ironent ampolitude 'or the, forner tends

to he z-inler than that for the 'atto-r. This is sometimes strikingly true

an,' 'oneti-e the reverse liolds, so one cannot sny that trend is absolutely

nrir t-i~t. '!it it is true nrre often than not and tends to c accentuate'

S .n ' iv to t'c cerilo, i.e., it is nore li!7e!y to be true for t"e pea!:

values L'an I'r tlir vsites - Ters frn-. the c-ihle. In expnlanation is

t'.t tin ?foct 0" t00 i'''thre -il'iO of z' in ric'i -iorn 1rorouinced vnry
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near the cable, bein-. compirabile to the horizintal distance from thv cible,

and becones nearly neglio-ible 6 meters fro' the cable, where the heii'1-t in

both cases is snail conpared with the hori7ontal dIstance from the c.ible.

The sane observations can be made concernin- compari.son hottoon the

radial cra-:1 (: . r,.25) anO the radial ~:l:(z - 1). For most of tta polints -

it which connutatjons were made, the radiil craAJ 'xves lar'jer values tI-.ri

tie radlw elk. This is particularly true of th. peak: valiues, which are

nearly always significantly lar .er for tie craw~ling case thin for the wal"in'

case. The field magnitudes 3 - 6 neters away fron the cable, however, are

not always lar2er for the crawlin. case and are sonetines sorowhat snaller.

To somec extent, this can be attributed to the smialler sensitivity of the

aviplitude in the crawilin!! case to the hei, t z. Since z for the crs-Il:ler

is one-'ottrth of its valtie for the iwal'ecr, it becorien n'lilecool-ereed

to the horizontal distance froma tlia2 cable ilben the litter is only. . hovt 2

meters. ;fence over much of the ran~e of n, the ci"'arative nniplitu~es ini

t.i- twe cases have very little to do iith the eni-r-:t~ve values of Vi? heiit'

7. -thin two meters of the cable, however, tvire is n silni'icant ieenndnce

o' the o,',litude on z, and than helps to explE in tie fnct thnt pir:v, ie

of 7-plitucie are ien.l alwny- si-ificantl:; higier for tihe cra-ilin- c'se.

Nside fro,1 the comparison involvin'l the height. allude(. to 1iiova, thpe

remainder of the compnrison 1hetimen rre,.linn qal wUi ca.:"s relat-s to

the 'hfference ir the 3nnular orientation of tlc scntterer in the vt.o cases.

In the vr1 !:in'j case, the scatterin ten~s to b- "hroieside" wher#ens in the

cr3,:lin- casc it tands to ',e in the snheroij's lon-itiidinnl 4irectio)r. "he A

SCIttern, in ts lattcr case tondS to 5,. wea'-ePr than that in tlv forijer

cisc; 1herc:! for so-e scitt-rer posit jois. t'is? '' t t -it the illwirrtir'

Fi' sstro)n-nr In r"e cra,:iir., cns? i.'u, thn ConLar o, the cra.-or

is lo'mnr irid thvsrCorc cl .-er to t i: c:" 1' !'-n t'~t of tOe '.r1- r :'t tr
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sn.- horizontati *'isvnce from' the cahie) is offset by the fact thzt the scntterin

is qtrnn?er for the walker due to its orientation. That is more li!-:ely to

he true far fret, the c-01:2. where the hei-!ht difference has little effect.

7'!-,lhilI? th- '. ei~lit is li~ely to play the donzirant rolL, near t~e cable.

Iv, )ri'mt~tion. -,oulr! he er-or i-.-nrtsint further Iro- the cable, 'hich' ,Ii-It

e:.pli~.'±'the F-cat:-re ' field is sorvtries! si-rnificantly lrirfar tOe

wrl or os,"ciillv at positions far fror the c-ihle.

%9s a fir,l] observation. 4e note that tie iorizontal W.d vertical coi',onelts

of the- scrttersi field arpiituItes ire?, on tie averile, not radically different,

Irthou-j) h-y lo exhi~it sc-nt ?rritic be'lavior (e.q., inso':? cnsc. f there

are !ar,,c differences in the nni5C values for differert components, 1-here

vr'rtjril is snret ires lir-er and so wtim'es s'nsllpr than the hori-ontal com-

onirts). -h- robable causes of the ert-itic or noise-like naturn of 3om.e

i'ht, re'.0,tr hSVC already been -'iscu5-ssei* alluedin' to the sensitivity o'

t-e2 -carterLn,? process to '.'wlc'isnes i'n -7eoaetry andi coherant addition

on iu w~~ith sensitive relativp nhasc as the njor recianiss .~

c'.si.-'trisbehivinr.
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5.2.3 Total Fields ,.

The computed results for the cooonents of the total field at the antenna

(fields without the scetterer plus those due to the presence of the scatterer)

are shown in Table 5.3.

3iscussion of the fields due to the presence of the scatterer uns covered

in Section 5.2.2. The compnuted field comoonents at the antenna in the absence

of the scatterer are given by (5.1) and are -112 111, -110 dB and -146 il

for the x. y and z-electric field amplitudes respectively.

These values were determined by a very accurate numerical technique.

That technique and some approximate calculations of the field cnmp~ononts

are discussed in Apoendix 1, where the fact that the horizontal components

at the antenna is much larger than the vertical component Is~ excplainedf.

-he remaining discussion in this section will be confined toi commsents on 3

the parameter regimIes in which the field component amplitude's given by (5.1)L

for the case where the scatterer is not present are comparable in molnitude

to those given in Tahie 5.2 for thee contributions due to the prosenco of

j the scatterer. In those re'limes there is a significant effect attained throu~'h

coherent addition of the antenna fields in the absence of the scatterer and

those due to the scatterer's presence. in many regimies the scatterer-free

cornonents liven by (5.1) overwhelm the scattered fields and the results .. *

;hou: the scatterer to be uindetectable, ror other recomes, t>lp :orponent-t.'

given by (5.1) are overwhelmsed by the scattered fields and t'e valuk's in

Table 5.3 are almost exactly the same ;!s the corresnondin , values in Table

To initiate t'.-e discussion. wie ,vonrize the results in the tahultion

below (obtained froi' Tables 3.1 and 5.2 w~ith the aid of rq.. (5.1)) uhich

indicntes the points of ditectabi'ity ,f tle scAtterer. denote! ',y r' aid

7-
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c'haracteried b1v the fact that the presence of the scatterer changes the

y"ield cornonent at the antenna by at least 4dP; an increenent below 4. dR should

yie considered as "noise." As a subclass of these Points. we also indicate

mints where the scatterer contribution to the field overwhelms the field

co~nonpnt that would be seen in the absenre of the scatterer. i.e., introduces

an inrrement of at least ± I() 'b; these points are denoted by ")A. Points

-.here t'ere nr" no percept.,ble charges in the antenna sipnal1 due to the

preqerce of the scarrerer. i.e., here the scatterer is "not detectable"

(i.e.. - 0 F chqnqe) are denoted by Nn.* -inally. those points where there

is i snoll nut hareiv nercenti)'le chan'j" in the sin!nal level due to the scatter-

mr' nres~nes "har,'l, detectable' scatterer) are lenoted b-~ Bl; between-

I P ail 14 '1 chan'le due to presence of' scatterer).

ladial walk

t.4 ,.0OrO)* -t10 1)-270o f
0  

=qO* -190* b.270* d'=0
0 

*-,0 b-180* 271*

17.7 *' ': \) NI 'll 1:1) )1 A P DA DA

1~10 ;' " " " " " " DA 1) DA 3Dh

2r5' D A N") 1A ND

22.0 Nr D A rA DA 3D

ID D A P)A DA L%

tin nk rr DA -,A

.5 1D .. N1" N* "11 )~"'~ r A ' A

A 1A 3r
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Radial crawl

IFx1 I I!Z
y

r 6-0* t-'00 5-LFIO* t-270 (5-O (S=qQ ' -190* 6.270o).0 D--3 -900 e)-lS0* S2700

17.5 VD D) ':') *4T) N D N'T) ND ND 31) DA !XPP D

10.0" P" T) D V A nI) PA

20.5" NIT 1 ) DA 3 T DA

22.0' BD ')A P A DA

23.5 LA ' n P') ) Z NA :)A )A D, A DA

:5.0 '!M N NP NI) 3D 1!P DA -1 D 1

26.59 RD BD 1D D 0 A 1 IA )

28. 'T IT) R~ "M r ) PA D

Radial walk in stilts

I F. i I .yI r I
o.0 o.90* 6-~~.-270( ) 60 t.Dfl t:..80* 0-270* b-t?~ j.90* ).13(0 it-270*

17. D ST NP ND NP T) I YTP 1;T P ifl '3 )

20.5 9 9r9 9 P "1)r

22.0 99 D9 99 99 I) p

23.5 ')" ' A r, D

25.11 1 A. -)A r. ':M

29.0" DA 7P 1) L

The issve of letectiity of the "intruder" Is that oi the comp4arison

b-tween the a-,plitude of A field component at tie .antennA vholn the -;catterer

is 'nrenert reintive to t!'e ~Rnplititee of tlat sar-e field connonent .'!n

the scetterer is not pr'annt. In some cs the totanl field a-rlitiide

is reduce! rather than increasee I~i'i tr) the -iresoice of the s~a.'erer. The

re-'uction will occur if the Pnplituos-. wiO~ and v:jthout the scatterer -ire

L.A..
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of corpirable malnitude and the relative phase an.-le of these two quantities ,

is between 'In and 270, while an enhanceeent occurs when that angle is

het.een -PC,' and -900.

Ir the existing system, the antenna is vertical and hence the z-component

of the electric field is the only component of interest. 'lowever, there

iq no reason (in principle) that horizontal components could not be ,ised

for detection with an antenna that respond to those corponents. Therefore,

it is worthwhile as a part of this study to consider the horizortal compon-

ents of the field in addressin2 the detectability issue.

-ie overall conclusion that wouldI follow from the results shown here is

thit ie dtcctal'ilitv of the intruder with horizontal fields in all three

of tlie cases considered i- nonexistent or very noor. In a few cases involvinp ...

t0e radial 4alk or radial crawl and one case witb radial walk on stilts,

t)?s sratterer is brrelv detertable at a ooint nar the cable, but in nearly

all caies it is not det ctzuble.

If the vertical fiell coihponent 4s used for detection, as in the actual

s:vsten, the conclusions that would follow from the results is that the

intruder is easily detectable for tie radial walk and radial cases, but

soew'at less detectale or undetectable for the "radial wal on stilts"

Since ie have experimental results for conparison only for the vertical

"lectric field component, no frther comments on this topic will be mede

concprnin' the hoirisontal fiell components. The exoerinental results for

the vertical antenna lisually ;ho: v~lues of the innlitude of the scattered

si'nsl at th antenna so-iewnere h-1,een 9 aWd V) eZ above the signal in

rh- ab-enc.e o: tn scetterer. Our anilytical results qsuallv show a lar-,er

,crene'til si-sal Jue to the scatterer than in':4cite." 1"v the e'.eri-tental

J-- --

. -.-
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results, i.e., for the radial w:k.., the pear scattered siinal values are

between 17 and 31 d3 higher than the antenna sinnal in the absence of the

scatterer. !or the radial crawl, they are between 13 and 48 dP hi-her

and for the radial walk on stilts, they are between 10 and 22 (,r. hiher.

'.'hen a scatterer is a few meters away from where the peak values occur,

the increiental signal due to the scatterer is nuch more nearly comparable

to that without the scatterer.

Ilowever, although the qualitative behavior o f the si~nals due to the

scatterer a3pears to be roughly as expected, the nost prorminent quantita-

tive descrepancy appears to be excessively hih values of the scattered

signal relative to the signal in the absence of the scatterer. This is

either hecause

(l The calculated field amplitude Ft the antenna in the absence

of t'l sctterer is too low, or

(2) -he celculate'| field amplitule due to the scatterer is too 'ain.

rxplartion (1) seems less li'<ely than Explanation (2). 'he 'iel.:

anplitude at the antenna in the 3catterer's absence was a stra 2htfor:-r" -

ar-d si-'nlc luentity to calcul3te and presented no major conputational pro-

bleas. Tle calciltion is discussed in Appendi, I, ;,here op-roximate nethos

are shown and where hi3vly accurate numerical inteirat.on -iethods that

were actually ,ised to obtain the results are alluded to. Tn doin-2 this

coniutation, the effect of the ground reflections was found not to be. as

si-nificant as in the case of the fields illurinating the sratterer. i.e.,

the fields it the antenna with or without ground reflectirns 3re com.parable

in magnitujde. The effect .round reflections could have ' a' ,4ojl" he in

the direction of reduction of the antenna field tue to dstructive interference -
between 'iract and ;rnund-reflncte4 -i-iila, or in the direction O an

.. ..- *-:"..i* fi2

..... .. . ....... . -. .. .



in~inic - -1reater t~ao d due to constructive interference. Therefore,

althnugn weikness in iccounting for Pround reflections is a possible cause

Of IrnoCCtr,)cv in this r-c'jlt, theP ?ffect of inprovinp that )art of tie

rilcula3tiwn -i-hr nay?, h-.en in the wzr mni- direction, i.e., the direction

ot ro-uctl''n rnther thni Prhanc-ent. -r at host eni nnhancercrit of lers I~ i
'-,luration (') is inorr likely. It appears that the spheroid used

-odsl tle intruder, -itn tle :onrneter values W! nave c-.osen, is too

,ood ni scitt--Qr. flncc e decision had been mad? on the choice of narsneter

values 3nd the for-tit Cor t'ie cor'outations, there was inareouate t ine or

rpsources to ia -e chin-es in t~nese valves an(! therebty deter-mine eripirically

wh)ich voIUes 'gouLH nroviile -he hest fit to experimental results. There-

fore the c-),;tit ions i-are -ill made with these s.1re values. The value-,

- en ,th of spheroido - 2 nieters

= cdius of -pneroid - 0.25 meters

c, Permittivity oi spherotid - .4089 (10) farads/meter 46.2 -

- o (ductivi.'? of s~heroil = .592 mhos/meter

r-~, of these iarane'ters could hove been chosen to 1,nve a smaller

i, hiic- -jl I~ 'ive produiced stmiller scattered finid. T'ie valves

an" - i ctunllv lnr-'or tn'.n those corro spondin, to ai man of avera! e

s, .e ( is "','.ilent to 6.5h feet, extrenelv tall fror a iar and 2" is -
s

eetvalert t, '.,4 f''t, e,trc--elv w~ie for a 'Tnn).

cionen -aloecs o- c. and 0. .wero hsei on cOnsul tat ions %:ith "rofessor

'-rhier and are h-iced on co-tposite values fromn constituents of the humnan

h)ody. --her, ~ ori .A~ de variability in the optimalI choices of the

''istjitie na'~ersfor this scattnrin" model. "elurtion in eith!er

-)r htot vvI" -l a"~'o'~the sca3tteredl fields. T he other unl-iou-n

L '
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is the correspondance between the actual height and girth of a hunan fra"ne

ane the proper height and radius of a spheroidal scatterer used to niodel

a humsan frame.

The sumsnarize the point of the discussion above, some degree of "cut

v'nc try" choice of the scatterer parameters L. Rs, -S and c. i-ht be

necess3ry to natch the calculated received si~nal at the antennn to erxperi-

rental results before the tcodel could be used to predict results ol chances

in systen desi~n paramieters. Other parameter values used in the conputationS

are m~uch epsier to choose, because they are usually fixed by the 3eon1etry -

of the system.

-here are many approxinat ions usedin this rodel, ane theore are noise-

li'7e fluctuations in somo of the com'putptiois due to the sensitivity of

the scitterin', model to the 2eonetry and to coherent additior of co-!pie:

nu'rbers. The relative phases of the contributions night he sutieCt to

nuinerical errors and the results arc extremel' sensitive to those? relative

ohases. 'here are, also fluctuations in the experin.ental results (e.j.,

fluctuations as the anele t chanjes in the 'circurferential Jal'r" results).

so it is no surprise that such fluctuations occur In the analy~tical results.

IEouever, p-eneral trends, such as the peakin, of the si'inal i .en 0!-e sczctterer

is near the catle andt decayinC as it recedes froT the cable, ir? irisint

in the results. Tt is concluded that this annlytical model ann! arsocinted

computer -ro~rin could be used to predict the effects on perfor-.ence of

changes in environoiental paraneters (i.e., dif~erent types of soil and deaip .

parc~ieters e.g., 4ifferent cable di'insio'is or antenna positionr or orientations)

or intrwder para-eters (i.e., hei'9't, ni rth 3rd ccist itutive parnetirs

of qcpatterer). in its present forn, the computer proetrai' contnin -Aide fle-i--

'i 4ty in par v'eter val ue choices it., rot excessnir IV cor'nuter-t i!e

intes5ve. '.. -

- - - - - - - - - -- - -- 
- P
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ATrPonnix I

Details on intelration ;round the Coble

:uperDosition of the field contributions fran slots aroun( the cable

is accomplished through the eva1u~tion of the integrals 1, 'iven by (2.17-a,

1) c) with the aid of (2.1q). In this ippendix we present somes of the

dctiil concernin! approximitions for this inte'iral (and for the fieb!,

coiponents) whten rt) ohservatior point is close to the intenna (Section

1-)and when it is clos- to thie csble (Section T-R). In Section 1-7.

the nurorical snittion for ari~trirv location ef tho observition point

ir briefly disc-i-sel. In Sectinn T-. e discuss some retnods such Ps

stationary ph-ise ic-rI can ')P :see to evs~iirt2 the inte-,r-413 ippm':i-iately;

ror grbitr'r- obsprvation noint I.c'.tions. -

1-1 Rnproxinations for )bservn'ion Points '.e r the Ante-inz

ron the ,inition o~f 0 belc', -qq (2.1-n, b)

SCos (z -~) Ii

-he Opoi~tz' ht Io1e n observation points near tle Intenna

is

'p ir' r- ) - an reti-L n- oniv fi-qt ar-icr t-rs in W

.I *1vc

- ~- ro'(T-A)

%'r %No, r'
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wnich is true for ill castfs of intvrs st in this stuud,.

Ne ,ectin, the seconI term in (1-5 ir the anilitude (a.P /2) ani

retaining it inl the 9hase, we cnn write the inte ,rils I r.fron (2.1
7
-a,

~c) with -t i2 of the approxi-ation (2.13) pS Fojlo,.

Jk~(5dC ' -0cs Ic (1-5)

Isin', tbh, nes-el functior relatirns:-i-2 (5ee nqs. (
4
.32-a, b) in ' ef. 1)

flr C3 cos ' it (I /2)(1)

-.e can inte'rate e.ici te~rn of (1-3) exactly. with t'ie result

e -~~')-Vj te eC> 1

A

7 ca

In the case where the ohservntior point v; at the e::ict cente- ol the

cable confi'wiration, i.e., o - C, the lessel unctionF; ot!er thin J

vani1sh and! t:ie ntenral (1-5) is

F' 1- -(+

yt A C'~

'Thic if, t ie cise thait annlie% wher ome cAlculltes the. fi~eld at the ant-rni

when the antenna is placed' -t the exnct conter of the ca~ble confi!!virmtion.

The ersicst way to coilculntn the fiy!d components for tvPs case is

to he-in 1"v uvinq (?.Or)-q b, c) -nim!l-r b, c)t to c.a1culat? the conlpan-

ervt of tnle field6s dont t,3 n sinlc lt at san:-1 )9. -e re-rite tiose

ei','atilm in tsr',s of .rot in t!sr-s oi Cn ", thu-s r'-vir tbe



anpar-nt lepenlence on tb' o'ser%,riti-jn point'.q a~jmuth an~le 6. Tn this

o-irticiilar case the fields are' jndepcont of (true for no other csIse)

-nc the formulation in ter-is of useful in all other cases should be

r-"-!-cid hy .1 forr~iuation in xwih all quantities are exnreqssed rir-ct!N

irp tr-,r of ' rat~ier tOicn inc ter-c -),f and3'

3 13 I-sir-d for-is of (2.10-a, 1) c and ',2.11-a, b, c), usir, the

I i-nnl i, h 11-1) 11-3) anci the V nox-n value of &)can be annroxjrmcted

b Ce exi-rciions

-r~~ ~~ o)C' *

VV

Caco3 + sin V
rz - b')

b1 )

+ O

r') ci

5 5
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Integreting I 0 a fror 6' -0 to -2r and invo':inn the eoprox-

imation (2.11) in evaluntjn3 these intenrals, we obtai3 (approxivnately)

the fan (1-7) for all the inte'~r'ls, leadin? to th? result

.0 C. z)-- 9.. e 0 . -0a)--
v

Y k ' A kk.
: ,'* - 0 cc 0 - S e (0 , Z) (1-iC.-b)

where

ca
Tl + C:

C.1

Tie results (T0l-a, b) provide convonient inproxirmatinn, th-t cn

)e isec nr comnarison w~ith the numnricil ly nv~lliatac' fie]ll cor',onnnvs

oltained for the cise w~here the scntterer is absent and Iround rpfloctions

ate net accounted for.

T'iepe results fhow the precdomnnt electric Fcocaponert if' Ct:"

1,)rizontal *iroctjgn and r', irr~c-,int r-no.netic j&.ld cof~panfnt in t0i'

~-1irecti,"r. '.he I t-er resiti~pr t', uc ict ~ ~c.t~ >

netic N2~11 in t)- cchle slot is A'i:-~thel~y Iircc- : i .' ,i-

-ith rrsssnct to Oie cv.:!: i ts~lf, int tie circle on L;ic tl- C:,',!? is



laid), iejtn-; in a redoiinintly vertical cononnent of

'-,C relative, np-nitudes of tie approxinate e
1 

nctric field am~plitudes

-jS 'iiVe'. (T-1)_j.) -ire:

=20 loll,, /- -2.3 dB (1-11)

17- 2C lo%" - 33$ dB (I-11)

7The results obtained froq the ri-orous conputations usin' a hilhly

Pcc',r, nj-erjcal iinterp'tion teclinique (See Section T-07) ire 7,iven by

5.1 -n', ire (roundelI of to the nearest inte7er)

'~(-110) - (-112) = 2 dB (1-12-n)

z! ~ l4~ - (-111) - -34 dB (I-12-b)

dB

ic t- intq-rptior carrind out in this aneendix for the case p = (

i e, Rcc, it is bhnr~ilv surorisin', thit thie srrnenent betw~een (b1-,')

'n~ (1-i ) iq so -,ord. . 'owev'er, it Is still useful to estpblish that

a-r-incnt because it serv" to stren~hten confidenc-o in the nunerical nethod

t,;,! to P."nlixat- the initcrrals in t')e 'eneral case.

%'mo'L.-ation far Obiservation Onints 'Tear the C'able

7hp i-nortint irea if intprest for tile scatterer location in this

,ti7 s t~i- re-ior lear t*ho, rP5 n. fo d'?tcr-ine the fiells -t t~e sc,,ttnrer

loni~on. tl' rrforp, it in, useftid to -ocus on the approminmations vrilid

-,e" or, ~r- e 4 !,r! ).-r -eI



1-6 --

which is the ridi3l distancs from the ctitle, positive inside the cable

an ne ,Ptive outside th~e cable.

'.e-writirvj (1-1) in terns of 4t, ~eobtain

in 2 [ jT ,/1. I -
.

,e a'3eroxinition that hol~s in tht- re-;oi of interest is

(T1

Unfortunately it is difficult to use thic sp*sroxi-ation effcti%-ely

v.nless - is lirie en~ough so that the second tern irsir'c tie rn'~icnl in

(1-14) is sna]] conpart- seir)' t.iP first torn. As the angl - increanes,

this condition hecones iicreisii7Vly vm 1
.ie. -

There are three relicns of interest u:ith resnoct to tlhe <!ep2rder.cu

of o n the in,-de -. '. To discuss this, we refin-c the seconr* tiri ins1' -

the ricical in 'T-12) AF

'iti, :moysntor value assi ;nmentz ir ii'or co,in'rt iens U..

z 1 ,' e le 21 )/, the followin- tnvlrt ion icatos the rn-nititle .

of,", For v3liies of I';, frot' to 6

-22 .113

-lC 3 .07,
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0 .0)04 .020

1.(0(),) .030

2' .0924 .049

4 OQ.094

6 .0213 .146

-.1p thrme relio)ns al1uci~d to above are:

1: sin 
2

' ,?L2 P, 7 (z -b') 
2  

(I-17-a)

1. sin ?l2 is as give, by (1-14) (1-17-b)

3 2 si P 2jj' JT sin - 1 (T-17-c)

otinm' t at, ii' 3e 'cri1, if x << 1, then \,+ x 1+ T it is

evidlent that i vilive of Y. equal to I ill prodturo an error of - ,or roughly

p rercent, il + x
2 is approximated 'y 1. T'he regions arc choren accord-

in-,1y, i.e,.:

P1: sn i<

I3: sin 3 x~

*rhe trhulntini hel,: indic.otpq, fcr di f erent values of A1, the naim-

nn~'1e 7' for the region 71 nnd the 7ini-ti in",e 0' for the rnnion 93. These'

p ,'le. re in' cnp b y 7 * a'! 7 Crp(?tivml%.
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Ll pradians (i7) de-ies (C)radians ( f) eprees

-6 .0452 2.590 1.20 4
-4.0313 7.!27 C, 12 1 5

-l qf1) 1.0)31 .45L 26 .0

-1 .0012 0.642 .23C I3.

11 WY30 0. 453 .200J 11.5

I .0)l2r) 0 . ')3 r .300 17.2

2 .011)( 1.M2 .490 2.

4 .0376 2.154 .820 47.0

.0534 3.346 1.46 1 3. 7

The purpose of the above discussio' is to define re-ions *101 t'Ie

cable b.ere the integration over that )ortior of the cahle can he easily

aprroxinntel. The approxi-nate inte-ral over Pl. fron 21-) 212

aw (T-17-a), i:3

al -v rl -C, +e a

n

- ~ + ~~c )c i O + 4k~ 21 .'.~j:~

2 (z-V 2

71ie 3a)nrc,ntc i'rtegrvl ov~r r'. from (1.17-o). (2.1 ) and4 11-17-c),

..% %
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n in

'foru~itelv, tbc intelrils in (T11) cannot he evilupted i 'actly, nor

r,-n the interal thnat %.ouP arise .-or re~joi P2, wheare no nproim-ntions

li':c tho-c us&e' in 0-1 J\ or (l-V-) can be 'isei. 'Ionco, inlets we can

vnljdlv ,ssitie that the irte-ril 'iven in (1-193 is ti-c over,;helrijn contri-

butor tothnintn!-rnl over the entire cable, the an'rroxirtiors due to tlhe

close ~r~~-ivoF Cie 'i')r-.rvation point to the cn'he do not help to evaluatf

the into-,ral. The ass;ur-ptinn that thn inte'jr.- in (!-1t ) is a :good approxi-

-ation to tho Inteori] ov-'r tho? entire cable is i~ven credencc by some of the

,o.,orOxi-i.tL r-_silis in coctioi -1 (i.e., those hasedi or Tnblo 5.1 and -Eas.

(3.3-3,.e)) which seem. to indicate that the ovrw*helmnin- contribution

to tie ill'27iiiting, fietrds comes fram Cie slats nearest the observation

oint and ti-at for e-ich co-'nonent t1'e field anlittides seem to viry rou:,11y

as a 7articvilar Power of wieviera + (z - 5')

I-C The General :.ase
7-actual evaluation of the inte'ras 1 in1plenented For nachine

co-nujtt In )a n 'ccor--ilishe tlro'th i-i-hl. eccitrate ntir-irical inte~'ra-

r ion tec'ii'.u . At tr''lftii ardir Gaissian rule Cronte an-I de'oor, "-le-ientar'-

ninrnl nlysia - an alo-,rittrii anprocch," c~s--!lI)K; as C __311-11.l, 325-326) was used. T7he First 12 coefficients In a series are

leterr-ined in order to evaluote the zeros of a set of 12 - order orti-ojonel

notvnnriiolc. 'sin- 120;! to 21-r)( aOiflts, the nethod -roviics accuracy within

3.j no-cent. The-c co-vvitaitioin, e-re carrie-! otit withoift si-,niftcant ex'iendi-

tjrr - rLnrnir,, tine an.1 tibles of t,11 %vlueF mr I for reeuiric v31ueS
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of o and zwere generated. This task was sinplifie hy the fact tiat the -

integrands of 1 depend only on V'- and are independent of ~,the
n

azimuthal angle of the observation point.

T-r Gene~ral Aniroxinations for th'e Inte,-rni10I

7Tie inte7,rals iiven by (?.17-a), (2.17-5) or (2.17-c) (a-rxni.ite17

equiv~lent by virtue of (2.13)) are 311 ot the generic form

x 2

or

f d. e~()f ~ (1-20-b)

wher-

!(x) + . P
2  

2 p cos x (-

f(x) 'x)~ 1. 2 or 3

A

k jY(x) - : X)~i.

ie Forri (1-2f0 -a) vil be %!spC' in, the 1s.rusxion of tl'e 9totionarr

ps', et:ioe. Tt e 'orr (-'-r "1 be used ii discussion of ai tec! nique

thtis qn nlternati.:t to st~tionir:, -te In cis'~s %,here no stotionlry

pneose ' oijtj exirt or the latter method to not easily applicable for other

reasons.

..- M



I-6l

First usifn the ior, (I-20-P), consider the pos. iility of applying

stationary -hase. In order to do .'o, we nust have one or r.ore stationary

n'iase noint3, i.e., porits :0 where ' 1) '. To investigate thnt. we

'ifferentirhte '(x), with he result --

dX - *: ) - , sin X - m 0 (1-21)

r- (T-21), a qtationnry p'aise point x0 would exist ,:hcrever

'=c - 0 /2 )2 o * 0 ( zb )2 "''
sin X, SO !-c 2 2

(1-12)

,oqurin- bot' sides of (1-22)

cos
2  

- -ca 22 - 2ccos X0  (z - )21 (I-23)

oresqi=' (i-23) is i quaidratic eqtration in cos xo, we hqave

2 2 2 z - ')2
Cos x 0 os X ca

O 0 3  ca 2mj
L" 

(-23) '

.::ose solution is

22
2 1 zb')2

Cos ca ] (- 1)- ca (1-24)
2 c -

In all cyiserq of interest in this stuw1y

(-- 1 (T-25)

,'in" 'T-.25) in (1-2/., we cm n nnnroxi-ate cos r- es follows:

%.r



.77--T
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aos X Ia ca 1 ( s2

2 C

The vslue of k 2always exceeds unity; hence in orier that cos x e a
cc

real nmber. the only requirement is that

-2 ( 1-27)

or equivalently

~ -.

> (%27)l
ca

If we choose the plus sign in (1-25) then cos ras given by (T-26) is

positive and the conc'ition requirsed is t1.st cor xO 1. 11-pt conr!ition is

o 2-1 1k4o -1Pl (k-6)

tha he firstuer e , always exceds uniatye n in orituer,ha th c x en.".

real firo thes ony1i reiorn is t

Ca

Sn th " t o

ca

"-"~ ~ ~ ~ ~ ~~ro"Mi, (T-7) an( (1-29)plssg n I2)te c :0a =vnb T-6 $..

C3.

;. o equv- ]e t !



T-1?

- (1-30)'

ca

therefore the positive sign in (0-26) is outlawed by the requirement that

cos x0  1. which we have shown to he incomnptible with that case.

i1 consider the negative sign in (T-26), which allows cos x to be

neative r DoSitivt. -he requirel condition is

Icos x0  < 1 (T-32)

or equivalently

2Cos x0  < (T-33)'

¢-'iich, 'asp' on (1-26), has the forn

2,, 2 12
cc cc~ 2~ -n ca A2~~

2 a

ron (1-27)', we can write

" z%. ,where 3-- 1 (1-3"4)
C.

"sin- '1-3 .) in (1-33)". we have the condition

a 3 )(t2 23~ '3
:'c " - ca a, - - =

A2 A42 1- A
- 12k' I) - 2!:c V I q.2 , 1 - 2 ,4 ') (1-3-c a C c 1 (1-35)

,sie the nssigned value o ' = / w.7, "e can re-write (T-35) In the

'orr-. .

A * 2.4 -
- 2.196 2- I- - 1.7 < 0 (1-36')

%



A study of the Inequality Ut-35)' shows thpt there is a limited rang~e of

values of 8 (and hence of 0) where stationery phase methods can he used.

Since ststionary 'hase points do not exist for all values of 0), It was decided

not to use that method to evaltiate the integrals I .An alternative approxi-

nation method for Integrals of the type (1-20-a) or (1-20-h) will be discussed

in what follows.

'' we consider an asvrntotic method, w;hich was used in the original

p~roject and is given to first order in Reference I. Section 4, P?e 4-3F.

-his -wethod ap~plies to cases not easily awnenabin to stationery phase methods

and is based on Partial integration. To derive the method, we uise the forn

(1-20-1)) and integrate successively ')y parts,i..

r - 12 d.xe"(x) f(% e ~f(x
x IM)

X2[e~X f(X) - dx f - (T-37)

After two more steps of integration Sy parts. we obtain

-, x [f(x) -f'(x)j 9xJ-'() _____

7-r ___ (S' 1 3__ ;,.,(X)15

+ +.. + f"(X) .,+ 3,"x

+ f'(v() r 1 lL(1-37)'

Thiis methoi can be applied to the inte-,rnls 1, ns In' a. 'aes not

vanish at the end-iojnts. oto that

S%
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) j'(x) - U - jk[R(x:) - tca Xl - i! (1-38)

and hence fron (1-21)

.'(x) jk(P, sin - kca) a] (1-39)

!f the end-ioints are: x- , x 21, then

(0() ''(x 1) - 'V(x.) - 21 = -(a + ))(-/a)

!Z - 1 (x 2  R (OM ' (2w) -it V'~ 2 +1 (7 b') 7L -

(T-1.1-n)

I
Sf() ( I-41-c)

[-,(X.1n

;..f . ) - = ( 1-41-c .::::

S(x)  ifL- (oa + j!k 2r (T-41-e)

The first order solutirn to the inte~ral is given by (1-37)' with the aid of

(T-4O) and (I-1-a, ... , e) as follows I ..

1,i + j':kca0 2w)e
j I

M
L  

0 ", '- .-

(1 first ' ( ,

or4er(' .. ca).

To ,)btain thp second1. order terr" (i.e., that involvin f'(!:)), we cal:ulate

-n

= - .sin (1-1.3oh

-...

r,(X)I? I-?s
R . .'Cos li



1-16-d

1'(x 2 - +1~ sn-3c

0"(x (x(T-.43-e)
1 6( 2)

x ''(x) 0(V3 )

Substitutirng (1-40) ane. (1-43-a, f) into (1-37)' and adding the first

order solution (7-4?) the integral to second order is 3iven apporoximately, by

(J~nfirt~d ej~ii -(ak + jkk )2w)

second 7tY ( j~ca
order terms

UJcP (T-1.4)

.ore nortiel integration steps would leed to tern~s wit', increasinrjr

hipher or 'er veriation with and the ratio 4i). The latter r-tio approaches

unity ~ ~ ( an )Ib')race as distance fron the cable decre-ses. lenco

close to the ca )le, we would ohtain a anries in increasinj powers of the

reciprocal hein-ht of tile observation noint.

':e note that the factor e is present In tlhis Solution. Thjis is icr-

tant in silpportin,% the argument that the fields near the cable Fire very close

to those thrit would be obtainee frnir only thos.- slots neare st to tic ohrvtn

-oint.

%~
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Anoendix 1T

fletails on Approaches lisinj Plane-!2ave Snectral Peoresentation of Fields

In the ori-inal s)roiect, the plane-wave spectrnl representation of each

field1 comnonent (See 2ef. 1, Sections 3 and 4 and Appendices II ini II

or a validi inoroxination to it, was needed "or two purposes:

Ca) To determine t1-e grouni reflected fields. based on the assunption

of a -)lane wnve incident on the round surface

~) in order to validly use the Pirber scatterine pro-,ran (!"ef. 1,

Section 7) which 3sswnos plane waves incident on the scatterer.

The YO~ry behind the transfornation betwzeen position space (x, Y,

or t,~, z coordinates) and 'plane-4ive gpertrunr" snace (t0e space of the _____

* a'!e vsector ~,whose x~, y and. z cooreinates are 3,~ .where 3z=±x~ y z .

is ,iv,?n in 7nferince 1. AopenIi!: ri. Tf Ve(x, v, z) is a voctor function of

rectan7-ular coordinates (x, 7, ), then fronl Eq. (11-3) in Appendix HI of

'ef. 1, with so-ie notational chang.,s, wqe hive the inverse rourier transform

of Vx, v, . in terms of the nl.n,!ave spectrur for upward nrd dowiward

S .rop:-,,otii7 .o)s an' respectively, where Q + A n

W(x, Y, Z) elx. ) 1 .jl3z

+

I..2 2j-'

h'

%
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The inversion of (11-1) to detcrmircl",C' ) in terrs of X , .z) results

in --is. (11-5-i. h') of P'ef. 1. a-ain, '.4th notational chanles

= 2 r -j dxdy
c; + kIZ 0)x 1fr 0c, Y.0

ST

,TT-2)

%r eV' (x, Y. = 4(x .

Ile will use M1-2) where Xgx. y, z) in the electric field vector r(x, y, 2) I
%:hose x, :, z. connonents for a sing].-. slot are liven by (2.3-a, 6, c) or

(.9ab, c). 7ie differentiation .ith respect to z gives nonzero vslues

orly for z-(Iependent factors in t-n terr'.% of t.nese equations. In the ::and

y coronents, the factors that are '.e-,en'ent ire all of t~he forni n

where n - 1. 2 or 3.

'he z-cor'non'mt or the electric field car be obtained From the x 'nd

y cornoonents throu-!i the diver~ence ejoet ion

whicN, Lor each point in the pla" e A, soectril ariace (i.e.. t'ie siaPce of

D'ta':cs the fom

~q 1I~)cin he solvced forr, if 1'7; ) i.e.,

~ K Q~±Cos ~ + sin ) (1)

vall I i' A '

-. ,, cc-, *hin~



- - - -
'. " .-

TT-3

)e'rrri-T the qucstion of what hanpns if z= 0, we will proceed to

'orT-tAate 2xiressionq for and .
y

To iccomilis. this, %ie must Find the z-derivatives of -- ,n easily deter-

mined as

a e~~ i: 2 ej jz~'(I~l-(-.- - N - _ t~ j,7 - (Tj-,)
,. (jIp)n jk,J j1l0

at *C, (T!-6) Vecomecs

P,"

r. 7k- n+1 (" I-2_ )

+ 02 - 2 p cos

is i r (IT(4 i n t'e differentiation of (2.. -a, b) with respect to z at
rzsiltq in te followin, enpressions "or U and 1. for up'ard or dr ' -

% ari oro)-i . "u-nol v.lveF:'.°""-.

A,, -(c. ,- '-' ) + 0') "-
. .,U ,-.j'-b) C os 

- -
t___ 3 3].__

_) 3  (1_) 7-_ +_7_-3
0 .. ,

+ ) sin ' (TT -"

ca' j C<
- - ;c Si OA '- .) ' '~L k I ( )4 (i-

7---- n Si )3

0 0. ,.. ,-,o..- ( -.- .. .-.' j . :...
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''e will now~ rombine (11-7-a, b) wilth ('..S-a, b) or (2.101-a. b) to for?1

the integrands of the expressions 1I-2) where the vectors V ane in (TI-2)

are the electric field vector due to the slat at i'=' + V and its plane

wave spectrun respectively.

((~(~.~i±-k, 4*I* 2C f 'jJ -(I ~h p Cos (0

-n+ JkI: )l A, + ) I
eSI p I~ sin ~

00

+ - jh 'osCos +1) 2.I±~O'1

L (j!,r cos j'-4.- cos ')(0 3 J:, ')I

+ '(PP cos ki- aCos ~'( 1 j:~1 1--

(jk70)

~~~yh~5 0C co (t~~10 c

-(a +

+ 1 
A

s ~ !: in A - j'~sin ''- C :: o

(J'-. 0)3c

3I '( I: t, ( Y

0 :) 'c

4%



r(i < sin* - j".4sin ')( 3i- (13

en ~sure the &'AliditY Of (P-_P-;, b), it is nec, s5ar:, thit it be consis-

tnnt '-xth (~-aind ('.^-C) 0or (2.1(-c). Tf we, were to calculate t*,c plane-

-aspectru1 of throu'h (2.f,-c) or (2.10-c) an') the z-coryfln't. OF 71-

(11-2). tOn result rust he the narle as that olhtamned by arlplvinn (TI-3) to

the result- (TI8. -4.ch litter oneratiol yields

4 T 7 ' h QCs(D
= ~ fdo() e' - c

I + 13 zI

caj-! I+ c hsin
k .;0

1 (jtfl Cos (" I,,)j - Cos Wf -+ 3 (-I 4i"
0

T1 -7 .

The eIi-rt rout-~ to t~e verticcl co-ionent rf tle 'lIine- .,ve snnctru!
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-(~+ + 'ji 
1

1 r... 1

+ I (+ 3 ()) ()21) (IT-9)

The~un~tir ~ heher ca1c,,ntr!e fro- (TI-- -c) or (11-9) 6

must 5e exactly equivalent, Of course, fro- a 'iractiral vie fpoirt, the nost

efficient wiay to ob~tain 17 is to cc-P-,te r I-'nd f ron (Tl-"-. b) in,'

io~n co,,ute fret, (11-5). Thie only reison one niht cornhlte 'ron1 fTT..Q)
z~7

is for chec!:ir purposes.

Csrrvir- out the inte-,ratians aroune the cn*-l?. slotn ii hT--. ~,C)

and irivolhin '27.17-n. 1, c) and th'? e,)pro:imn.tioq(2?.1. ), in nbtnir

I4
r? e-- !p I ; j':K I Cos Ca-

A A~

T~ + b:i., + c. T3 Y. T I

hcra

C,, Sir. ~

c . cor 'N( 1 j!-')') t: ni
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d - ± ~..3b' ( cos&

e. - 7 3h (p -i.) 'cr os\-

y (j~)'ca

(j7) c i ±b a Cos

-~ ~ ~ ~ ~ S -I'' ~*~

r3b' 0~ -)Sin ')l

(. p - r an( '. *'k sin (65

C7 2, - Cos +~ b- (- Sir. (5- \f

d = f3b' e) ) co 1O

e ' 3b (o co

r Jr n'

+ 2 + R cos V"

A~ snriou, '.ttpninC ;-, ml tc carry wit thn ?,juhilp in. :rationg in'ilcatef'

nnt' -- t' ur-' t-r lnt-!ritir nro-!f thi. rn~l,lc dircvss' e in kpooer.It-

T, :Prtio. l')
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Fince t'eI 's are independent of ,.and the remainder o- tOe a,-ipitte
n4

of the intelran varies slowly with 6, the inte~ratior on ')appears to be

very easy. Stattonary phase nethods were considered, bujt it das found thnt

the stationary ph,-se points, riven by

sin (6 , - - '-,~-(I-

do rot exist because the F"S of (II-1l) exceeds inity over -1 ni,,Pificant

portion of the inteIratioi re~ion.* 'Me other anproxination retnod discuss~d

in . neneix !, 3ection L. apnJlica~le in cases whore statio-ry !ilese pointn

don't exist, v~as also considered. rinali',. the ') intr~rations imre actually

carried out usin the very rccurnte num-erical nethiod discusse! in Vpenli.x

1.;etir. :.erver, when tne inte~ration on 0 wns att ,ts u. u-ric I

-ret~ods, it *:as fou'nd tiat covere~e of' te reeio'I near tho Wre te o;

irnortemt contr'bvtion to the intc.,rnl) reruire d a prohibitive -iovnt of

conmiter time an! that ap-),.och was aban~!oned.- At tOat toint, :-n annrc*xinete

approach t-as consijered wherein the f iel cnm!on -nts ere '-4 ven by I!-a

b, c) only~ -Aitin are-ion that contains tie scottrrer volu-ie and vanish

outside t' at revior. Thir rii~ht be 2 nntinfactory approcl- beczrlr~l tha scatterer

in free sinace only responds; to the fieldIs irpin~inn. tmon it and the scatterin ,

is inde-)endeit n' the !ie1"s irn the surrounding regions. of course, the pm

ilve sTnrectr'rrI obtrxine',! triis techr i,c v'oil 'he (11 'n rnnt fror, tIat Whta ne-1

by jnt,::,ratin- (j V07~ 0v1r rnl ice (o.-., t!-er,- o u b ni'-lficint

11' -11.*Tj orz'nr for r stationry nhare -woiit to erist, r) %.,)lO %nv' tm "ce' *

,ince tie lir'~st ,osihl-! V-AuLe of .h i! 1. t!hnt vn-ilrl oil:- inI' or iointr

f-! outv3ile t're caiY'e.

%77
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contributions fr-. a larner portion of 2-space). 'Towever, when the inverne %

Fourier transformation is perforned, the recovered fiel co.-onerts should

be npproxinately the same as those obtained throi.vh inte3ration of (IT-I:))

over all position saace.

The numerical inplementation of this nethod is very sirinle. It anounts

to reilacin2 the doule integration JdpP f.16 in (.1-10) by 0 Af o 0 J P _ 2

. '2 , where (0, %) is the center of the integration voluce, .
0 ~

o 2

tne width oF that inte3ration voltne in o-space and A,) t'e wit'nt) in 6-spnce.

'"he above ,nnroech was not actually innle~'ented. Althourh it would

have been ideal to attain the plane-wave spectral field. connonents by actue l.

c-rrvin3 out tie integrations in (I1-0-c, b, c) there v'as insufficient tiqe

nl resources to do justice to that aporoach. It was then decide.: to adont

n anronch t-t -.'e also used in the ori-inal roject and Aich circ'-vents

thre ne ed for the double inte-ration in (IT-10). That annroach is based on

the relationship (III-1) in 'leference I deriver! in Ap:endix Ti1of 'ef. I

-nn rionated below with snall notational iodifications.

e = d r y s i n c o s + 7..4, _ :,< -J." ,II'1-12),.-.

.tore the'-integration over the ip'-ericnl an zes (0.. ,) covrs All osniMe

r'rectioni o the a-vector.

"-7. (!i- ) iderte,! to tr! inn! 'A# in this stud:- hy first notin.

cos *. = (T.-l-)

. .. ..

%.



d4' 0,i" dG sin6 -. d),1d rI'. (IT-13-b)
10 JO fo j 3 0  hh

Usin3 1-~a b) in (11-12). l.'e obtain the latter in the form

e d- I 3 + j' + ~) 1-4

or equivalently. in order to sn?aite out "upunrd" and N'ownward" iropa~atin3

waves

~f~ - Jd .,-$)Cos -

iIn, I (z -b.')+

e( + jhkl' +

,!here

= ~ - ~ ~ I~I =~ (~Cos ' + sin )-

The nroceflhirT based on the uswe of ':11-14) bejrins by asnunin;, a "local

plAn wve spectru-t." ' y "local," we wneen thnt the plane-2.rve -pectral fiele

cononents, wich are indeperdert of position cooritnaten, are tpprox~iate-l

at P. ncint in iosition spnc,, by the actual ftlr conqionents (2. 1.-a, a, c)

cutipliedl by a particular factor. That factor is 1

f Jk.(R(C) + 1.!1(0)) 1 0 Cl- 3)

w~here n(,) -2istanrc? between observition point and the nearest cnll slnt

fI, .*2 * 0~- )2 3nd '()-posittor of nearest cimle Slot :(j(*cos )

+ Sir A') + .70.h

'a-,'.

.... .. -%
.. Z



.ie lo'•ic behine thi ..proch ia explained below. The field components

fr-n an individual slot, as -iven by (2.8-a, b. c), all contain the factor

u here ? is the~ distance betw~een that slot ane' the observation point.

The quantity 0 Is then expressed as a supernosition of nlane-vive spectra

thro-i h 7q. (71-14). In the orig~inal project, this was done for each slot

3nd then the intelration over the slots was carried out for the "local" spectral

field, Wn!ro the factor ea~ was rep'lacedi by

The inti~ration was then accomplished by approxioate methods (7~e2. 1, Sections

3 Pnd . in Appendix III).

In the present project,the integration over the cable was done for the

nctva.l Fields as functions of position cooreinates, not for their 'lane-wnve -

spectra. Therefore, havinS acconplished that intelration an,! obtained! thl

fielO comnoonents froni the entire ca!ble it a point in space, we woule lil:e

to irolen-en. the "local ,,lane xvive s-osctruff" nodel besee on these results

(t.e., Iased en lnos. (2.19-n, h, c) rather then (2.C-a, b, c)). .01owcver,

.t.,

te detarrert to that i t'-e fact that the factors " have disainesred

In the irocess of interpin- around the cable. e Te factor s in (2.e

a, i lic) or (2.10-a, b, c) have been replced by "n in (2.19-a 1, c)).

Tr n is cviuated by the partial integration etho Indicated In Section

F Apenix T, the factor ea appears in Tn . :oiever, since the

more accurate nu-ercal inten rtion technique discussed in Section 1-C of

Appen'iu I 'as ncttinlW used tc obtain In' the factor e is not explicitly

Indicated but we knows that I could be written in the form
n

spe res lt uin, the cotial hnte'nraon nnet'?o wore cor-,red with thoee
frol thonoinericol techiq1 ene cath, a areeont was nearly perfect.

%-.

", a bc) r (.!Oa, , c hae ben eplcedby n i (219-, b c . "
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In Ine

A field component as agiven by (2.19-a), (2.19-b) or (2.19-c) could be

uritten (through (T1-16) and (11-14) in the Lorn

n.i n-l N e

0. . n nj1.(T-7

wbere

3 (0)

The field compionent !(Q. a, f'raction of 'oth art? th? osrvatlon

point vector -(p, 0, z). is internrete: as the "locel nl~ine wavo.sce t-n

of -(.V an(' is ohtrined by ieultiplvinC the acturl rft by 0~e rector

C. 0)] es indicnted in (TT-15).

This 7'ethoe' was used end n nunber of corputrt:')n, -.ere ,erfnrned teith

it includinj prod'iction runs for scattered ficel. Tic results were jud-ce

to 'e unsatisfactory nrAd eventually i-t *ueabendoned an-11 renlacei hrt'ie -et'levl

'escrihed tn 'ection 4 in the niin borev of this ro-nort.

One of the mewjor defici*e.7cies of the nethni is asfo''~ "hie it

..rorluces a spectrui of "p!.ine vaves," i.e.. waves -40: t~e piare wave iosa

t-lon Inctor I there vnvqs are not recessarily trnverre. The mezhod

'iftserihei in Tection 4, on ithic' our nurrical r'~rlts sre based. eo-s potwfce

nn Pnro!:i-kion to te tr'se Fiele1 at the scattr-rer thet rcs, -sr 7

%U L
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kopendix I!I

Systen P'iremeters

rn t.ie table below, the nninr-eters inputted into the comiputer pro-ra"!

arre wit~ ith thc ai-,ebraic symbot used 'or vacb variz'ble i-i analysis,

Cte Fnrtran nane of the variable, its 'e'inition rind the va1 ucs nssinne

ro it in. the nro~ran. THs material i7, t&3:cn fron 2e%~ 1, S ection 11, Pajes

I)-? thrnu'.'i 11-6. The or-p-ia material has been chan-,ed to reflect the

-o'iiicntions -vmde in the rnev nro~rz-i.

Parameters associated with the cable -.

!7ortr-vm Al-,ehm-pic
:ane 'Fv-m)Ol De~inition I'ala.e

i 4adius of cable 24
configtiration, in foroxi-ation
neters basei on circum-

fqrencO: of 151
meters)

A a nner rndius of .90475
coaXial caul)e
meters

b Outer radius ot .0127
conxial cable-
-ot ers

Slot lenrth (alon:, .0)03%
cable); snone Fnr -ill
slots-meters

:i ',lot width (croun .)155
cable). sa-c '7or all
slots-meters

E'n-ittivity of 1.7 c,.
cabln material N
farnts,'notrrI.)3(O

or

% H



111-2

ortran kl~e~rni:
N'amne S;YLrbnl Definition Val us

Condlictivit" of
SrAACA cable materil -

nhos/mleter

1) 10Azim'uth-41 anSle
alann the cahle
of Slot il. (The
slot nefirest the
power source) in
'7round frne

= ~ An-le o" slot 4 -

0 center a roun!=
periphery of
cable

AU !A '.;ttenuation of .002
T7:: node-neperi/

.Isdin, frequency 57(1-1)
in Tiertz' 57 7z

vf0 Y Voltaice !,etre
0 inner and outer

conductors of
coaxial cable-r
tiseL in .anilitidn
o' TE -w'e-volts.
PararpeterS nnsocintee
with the ,,roun!

Per-iittjvitv of 1(1 -121

,eto~r

., A I.,rounr' cn' 1c-

?nm-oterr; issic-
lite! with the

* x-coorc~inttO n.
oIntenn --ot'; ''r.Iina 3t

ccr'tr ot circ:'2r
cnnfi-t"rntior),

*%* \

-f.
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TIT-3 r

N ortrar A12Thric
on'e Syr9,ol Definition V"alue

7 A y-coordinate of 0
nntenna-meters (same remiarks

as above)

7.A F z-coordinate of 0.5
antenna-.neters

3. :*a.,nitude of (x-y) Varied fromSplare proiection 0 to 1
of

P" zinuthal an-.le %'Pried from 0*
of (z-y) plane to 3600
projection of

tan 1
3

Parameters Associated -with the Scatterer

Fortran Algebraic
nr'e Symbol Pefinition Values

x n-coor'linate Varied fret' case
of scatterer to case
center-meters

yYC: y-coordina' Vv r i0

of scatterer
center-neters

zz-cooriinate 'eried
C; oZ scatterer

ceniter-meters

% %
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T'ortran .1,ebraic
a,.ac Swirbol DefinitionVau

TPP Spherical "otar Vn.rie :
angle of long
axis of rolate 1) ,or 'urrPit
spheroidal nanr" casea;.
scatte rer
(in ",rourd-frame) 1 for "cra';15v,2

mi"cases

AzinutOal ant' Vari~db of long axis of
scatterer (in
grouhd-frn-ic)

-C Permittivity of 4'.3.1)-1(l )
scotterer r'ntcrinl- 4. 2c
feran$s/neter

hc'sed on
qference I.Ic

rIA ondutivjt'. of 0.SI
Ecntterer np.tiricl-
'ihos/neter S~jscei on

leferenc? 47 
-

r x~ ~ r-'Airt ei7

(cowt&coordinate of
viipI scrtterer center

in '?roun fraw*

P"IS tnn- [L-. -aImuth .-'nried

(conputed ancnle of scatteror
vnriahle) center in 7ro'ind fra-ic

n SRadius of irolate .
spheroidal
scatterer-,et 'rs

'S 7en'i of prolite 2

CCt terer-rm'ternv
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